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ABSTRACT 


The aim of this thesis is to interpret the deposi- 
tional environment Of the fine-grained glaciolacustrine sed- 
iments in the Okanagan Valley, British Columbia. The ex- 
tensive "white" silt terraces bordering Okanagan Lake 
illustrate rapid deposition in proglacial Lake Penticton. 
Seven sections were logged, three on the east, and four on 
the west side of Okanagan Lake. Internal grain size and 
structural properties are assigned to five facies states 
and describe the sedimentary successions. Transition 
probabilities, grain size, paleocurrent and varve correla- 
tion analysis are used to interpret the sedimentary enviro- 
ment and depositional processes. 

Lower sediments are coarse grained and two successions 
are recognised: ({i) flat-bedded, inclined and structure- 
less Sands alternate with coarse laminated silt; (11) 
flat-bedded sands alternate with crosslaminated sands. 
These cyclic sedimentary successions are interpreted as 
channel deposits and distributary mouth bar deposits laid 
down by density currents in glaciolacustrine deltas. 

A transition environment is proposed overlying the 
coarse-grained deposits. Rapid alternating beds of flaser, 
ripple formsets, type B ripple drift, contorted bedding 


occur within both sand and silt size sediment and indicate 
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more distal deposition in sub-aqueous levees. 

The third environment is characterized by thick lower 
Silt and clay varved deposits fining vertically, and re- 
flects deposition in a glaciolacustrine environment. Grain 
Size analysis indicates that the silt units were deposited 
by a series of underflow events responding to meltwater 
discharge. Upper varved clay units contain sand stringers 
and are believed to indicate winter underflow events. 

Evidence from this study suggests that lateral streams 
built up tributary deltas into a developing proglacial lake 
covering an ice mass mantled with sediment in the center of 
the valley. Sedimentation was rapid and varve counts in- 
dicate that lacustrine sedimentation occurred for approx- 


imately 80 years. 
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INTRODUCTION 


Lal Background to the Study 

In mountain valleys during retreat stages of the 
Pleistocene ice-bodies, long narrow ice-dammed lakes are 
often formed in temporary basins. Flint (1971, p. 192) sug- 
gests these ice-marginal lakes occurred where, ... "the mar- 
gin of a glacier advanced over ice-free ground that sloped 
down toward the glacier." Although these lakes were ephem- 
eral, often thick deposits of sand, silt and clay were 
deposited in them by meltwater issuing from the ice-front, 
and by streams from adjacent areas. Embleton and King (1971) 
cite strandlines, terracettes, deltas, and lake plains over- 
lying bottom deposits of laminated silt and clays as dis- 
tinctive landforms developed in these glacio-lacustrine 
sediments. Of these landforms, deltas are some of the most 
interesting from a geomorphological point of view as they 
contain within their structures a detailed history of the 
events responsible for their formation. 

Pleistocene glacio-lacustrine deltas consist of 
coarse-grained deposits (mainly sand) generally deposited 
proximal to the ice-front under high rates of meltwater 
discharge. » Flint (1971) states that a-small delta can 


accumulate very quickly, perhaps in a single season. 
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Wrtierce-front cetreateandwansincreasemm sizenoftherlake, 
fine-grained sediments are deposited on the lake floor be- 
yond, or on top of the coarser deltaic deposits. Lake 
floor deposits beyond the limit of delta growth are pre- 
dominantly fine, and become increasingly so as the distal 
parts of the lake are approached (Embleton and King, 1971). 
These deposits frequently exhibit rhythmical laminations, 
or couplets, revealed in changes in grain-size. They result 
from variations in the supply of sediment and discharge 
variations in the depositing meltwater streams. Normally 
the lowest part of each couplet consists of coarse silt or 
fine sand, and the upper part is composed of clay. De Geer 
(1912) considered that in glacio-lacustrine rhythmites the 
coarse laminae were deposited in summer and the fine 
laminae in winter. He proposed that the term "“varve", 
rather than rhythmite be used to denote a couplet of annual 
deposition. 

Interpretation of varved sediments in northern Europe 
and eastern North America has been used as a geochronological 
tool for dating ice-retreat (De Geer, 1912; Antevs, 1925). 
However, these Pleistocene varved sediments also exhibit 
structures and texture changes that are related to the 
depositional process active at the time of sediment accu- 


mulation. 
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The determination of sedimentary processes is based on a 
comparison of ancient deposits with those of madern ones 
where the processes responsible for the observed properties 
are recorded (Shaw, 1975). Criteria used to elucidate pro- 
cesses are, sedimentary structures, directional properties, 
and grain-size. These can be used to make environmental 
interpretations regarding conditions at the time of depo- 
Sition (see Chapter I, Section 1.5, and Chapter III). 

Great thicknesses (20 - 50 m approximately) of exposed 
glacio-lacustrine sediments, evidence of deposition in 
former late-glacial lakes in the Interior Valleys of British 
Columbia, have been studied by a number of researchers 
(Plint, 1935; Meyer and Yenne, 1940; Nasmith, .1962; 
Pultan,;e965, 1969, 19757achaw, 1975). Flint, (1935))dis- 
cussed in qualitative terms the origin of the silt terraces 
bordering Lake Okanagan (fig. 1-1). He outlined a glacial 
sequence in which a down-wasting tongue of ice btocked the 
north-south drainage, creating temporary pro-glacial lakes. 
Streams from the ice-free upland areas, entering these 
lakes, deposited coarse material on proximal submerged 
stagnant ice blocks, and fines on the rock slopes between 
the streams. Meyer and Yenne (1940) conducted a study on 
the mineral assemblage of the ‘white' silts. Mechanical 


analysis shows that the silt was derived locally as 
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LAKE SEDIMENTS 


igure 1-1 ERTS 


WITHIN THE STUDY AREA 


imagery highlighting the distribution of the 


‘white silts’ alongside Okanagan Lake within the 
study area. 


rock-four (composed principally of quartz and feldspar) , 
while the angularity of the grains indicated a minimum of 
stream transport. tieyesupporced Flint s (19357) p28) <con— 
clusions that, ... "the sediments represent accumulations 
of rock-flour at or near mouths of streams emptying into 
ice-dammed lakes ..." Nasmith (1962) described and mapped 
the late-glacial surficial deposits of the Okanagan Valley, 
but presented little information on, or interpretation of, 
the depositional. environment of the silt terraces. He 
suggests that the glacial lake silts, which are so promin- 
ent a feature of this part of the Okanagan Valley, were 
deposited in §lacial Lake Penticton, and that the maximum 
elevation of the silts in the vicinity of Penticton was 
approximately 45 m above the present level of Okanagan Lake. 
Fulton (1965) undertook a detailed study of the 
depositional environment of the silt in the South Thompson 
Valley. He suggested silt was transported by tributary 
streams from the ice-free uplands into glacial Lake 
Thompson. Utilizing Antev's (1925) technique for varve 
chronology, Fulton correlated varves over a distance OL 
5 km. While this analysis was not the major thrust of the 
etuay, fulton States (1905, ps Soo); Jee a. complete 
history of the sedimentation of the South Thompson silt 
could be written if the entire deposit could have been 
Studied in thes manner.’ »~in=terms Of stratification, 


Fulton considered the silt to be varved, with thick varves 
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grading upward to thin. However, he presents no detailed 
discussion on the depositional processes which produced the 
varved bedding. 

A detailed discussion on the coarse-grained sediments 
deposited on glacio-lacustrine deltas of Edmonton and 
Okanagan Valley Pleistocene ice-marginal lakes is presented 
by Shaw (1975). He examined coarse proximal deposits in 
the Okanagan that underlie or grade laterally into fine 
lacustrine sediments. Shaw states (p. 285), "... the fine 
members of the lacustrine series are clearly varved and 
are believed to have been deposited in glacial lakes." 

The coarse members associated with the varved silts and 
clays are believed to have been deposited in deltaic 
bodies. Although these deposits are easily recognizable, 
Shaw suggests that the processes and conditions which 
produce distinctive varved bedding are still not clearly 


understood. 


Poe Objective 


The principal objective of the study is to determine 
the depositional processes resulting in the nse Geen 
glacio-lacustrine sediments of Glacial Lake Penticton. 
These processes, and the environmental conditions in which 
they operated, may be determined by analysis of the 
vertical and lateral properties of the sediments. The 


methods of analysis are discussed in Chapter III. 
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1.3 General Site Selection 

The fine-grained sediments of the southern Okanagan 
Valley were chosen for analysis of sedimentary associations 
for the following reasons: 

1. With the exception of the study of silt deposition 
in the South Thompson Valley, no detailed environ- 
mental reconstruction based on the fine-grained 
sediments in the Okanagan has been undertaken. 

2. The post-glacial climate has been sufficiently 
arid to preserve the glacial-lake sediments and 
thus favor the interpretation of a relatively 
complete record of deposition. 

3. Terraces of glacial-lake sediments are found along 
the shore of Okanagan Lake and provide good 


exposures for measurement and attempted recon- 
struction of the depositional environment. 


4 Site Description 

The Okanagan Valley is a broad north-south trending 
steep-walled trench cutting through the Interior Plateau 
Of British Columba and) the Columbvarmelateau of north- 
eentba! Washington (Nasmith, 1962): gin British Columbia, 
the valley extends from latitude 49°00' north to 50° 43' 
north and is generally aligned along longitude 119° 30° 
west (fig. 1-2). The trench is.occupied by the Okanagan 
Lake (elevation 342.2 m, 1956 Aecam) and the Okanagan 
River. The width of the valley bottom ranges from about 
one to six kilometres with elevations ranging from 270 m 


near Osoyoos to 550 m west of Enderby (Nasmith, 1962). 
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1.4.1 Historical Geology 
Keitey and) Spilisbury (1948) outline the following 


geologic events for the Okanagan Valley. During the early 
Tertiary, the Interior Plateau was a flat, poorly-drained, 
Maxsshy Olain, AUpl ft vandivolcanic jactivity occurred during 
the Miocene. Extensive faulting and folding in the Tertiary 
times produced the present valley trend and its trench-like 
character. In conjunction with the development of the 
trench, the Okanagan Valley became the drainage system for 
the Shuswap Lakes and by the close of the Tertiary, the 


Okanagan was an established river valley. 


i452 Glacial History 

The Okanagan region was subjected to a succession of 
glacial conditions throughout the Pleistocene, however, in 
this study only the events of the late-Wisconsin glaciation 
arerconsidercd. | Ryder (19/2, table (l, p. 79) suggests that 
within the Fraser Glaciation of the late Wisconsin, a major 
advance, the Vashon Stade, covered the interior between 
13000 - 18000 years BP. No mention is made of an inter- 
stade in the interior coinciding with the Everson inter- 
stade of the adjacent Fraser lowland. However, Ryder does 
Propoce a) Jate-clacial re-advance in ithe anterior corres-— 


ponding to the Sumas Stade of the Fraser lowland. 
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Nasmith (1962) describes the surficial deposits produced 
during the recession of the late-Wisconsin ice. He pro- 
poses that ice advanced (although which advance is being 
referred to is not specified) from the Monashee mountains 
to the east and the coast mountains to the west. The 
Monashee ice is thought to have filled the Okanagan Valley 
causing extensive erosion as it flowed southward. A later 
ice-sheet is believed to have covered southern British 
Columbia to a elevation in excess of 2130 m (Nasmith, 1962). 
The deglaciation pattern for the Okanagan Valley, 
and other valleys of British Columbia is outlined Dyan it 
(1935); Mathews (1944); Nasmith (196 2)e Pultonm(1965,) 1969), 
Pues )and) Ryder (1972). wud ton” (3975) proposes that the 
ice disappeared from the uplands with tongues of stagnant 
ice downwasting in the valleys. He presents a detailed 
summary for lake developments in the interior (table Ix, 
p. 37). In the Okanagan Valley, glacial Lake Penticton 
formed when a plug of outwash and stagnant ice blocked 
the north-south drainage at McIntrye Bluff (fig. 1-3). 
The site of the ice-dam was identified by a north-south 
trending spillway channel carved in bedrock at 200 m above 
he valley tloors (Plint,; 1935; p...18)... AsWthegice. re— 
ceded, glacial Lake Penticton extended from McIntyre Bluff 
to Armstrong (fig. 1-2) and reached a maximum height of 
2900-530 m a.m.s.1 (Nasmith, 1962, p. 42). Lacustrine sed- 


iments were deposited in Lake Penticton in deltas and as bottom 
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deposits until Lake Penticton drained to the south. Addi- 
tional information on Okanagan Lake's sub-surface morph- 
Ology, and by inference its deglaciation sequence, has 

been gained from studies conducted by the Okanagan Study 
Committee. : A submerged terrace was located by echo- 
sounding approximately 15 m below the present lake level. 
This terrace was found on both sides of the valley from 
Squally Point to the south end of Skaha Lake (Okanagan 
Study Committee report 18, p. 10). The lower terrace level 
could indicate the original lake level following the drain- 
gig Or Lake Penticton. Additional information (D. Kvill, 
pers comm), suggests that with isostatic uplift and an 
inetreased volume of water originating from the North 
Okanagan and the Shuswap region, the present lake level 
was reached and wave action formed the present base of the 


upper terraces. 


1 The committee was part of the Canada-British 
Columbia Okanagan Basin Agreement Study. This 
comprehensive study was initiated during 1971 to 
elucidate the chemical, biological and physical 
limnology of the five main-stem lakes in the 
Okanagan Valley - Okanagan, Kalamalka, Wood, 

Skaha and Osoyoos. The data collected would be 
used to determine the future water resources under 
different management alternatives. 
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The glacial lake sediments of the Okanagan Valley 
have been mapped by Nasmith (1962) who found them to vary 
in both size and quantity (fig. 1-1). However, the sedi- 
ments along the shores of Okanagan Lake north of Penticton 
to Summerland and Naramata form the highest and best 
exposures (fig. 1-4). Seven sections were chosen for 
examination in this area, three on the east side of the 


lake and four on the west side (fig. 1-4). 


1.5 Approach and Methods 

Two main techniques may be used to study the deposi- 
tional environment of glacio-lacustrine sediments; one is 
the study of sedimentation in active glacial lakes, the 
second, stratigraphic interpretation of exposed glacio- 
lacustrine sediments. These two techniques are summarized 


below: 


1.5.1 Sedimentation Studies in Modern Glacial Lakes 

A number of researchers have studied glacio-lacustrine 
sedimentation processes in present glacial lakes in western 
North America. Johnston (1922) studied the sedimentation 
processes active in Lake Louise, Alberta. Mathews (1956) 
identified underflow events responsible for lacustrine 


sedimentation in Garibaldi Lake, British, Columbia. 
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Figure 1-4 Indicates the location of the sections logged 
and analyzed. 
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Gustavson (1972) studied turbidity currents issuing from 
subglacial and englacial streams in ice-marginal Malaspina 
Lake, Alaska. Gilbert (1973) identified thermal structure 
as a Significant manifestation of flow conditions and the 
distribution of the sediment in Lilloet Lake, British 
Columbia. Patterns of sediment inflow, physical limnology, 
and processes and mechanisms of sediment distribution have 
been examined. Utilizing water temperature profiles, 
inflowing stream discharge data, suspended sediment con- 
centrations, echo-soundings, bottom core sampling, and 
grain-size analysis of bottom samples, the above mentioned 
authors, with the exception of Johnston (1922), have identi- 
fied the significant role of underflows (turbidity currents), 
interflows and overflows in sediment distribution. These 
active mechanisms of sediment distribution are thought to 

be responsible for varved deposits. Johnston (1922) 

found that average varve thickness in Lake Louise, Alberta 
corresponded to sediment inflow. Since underflow was not 
detected, (by Johnston) deposition from suspension by inter- 
flow and overflow was postulated. 

Mathews (1956) identified underflow and overflow in 
Garibaldi Lake; low inflow of sediment with low concen- 
tration of suspended clay minerals, produced graded-beds 
of fine sand on the lake bottom. Gustavson (1972) observed 


continuous underflows associated with the deposition of 
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varved ddee mehuceecueeaed and cross-bedding structures 
were found in the summer layers, but not in the winter 
laminae which were deposited from suspension. Gilbert 
(1973) identified varved sediments resulting from inter- 
flows and underflows. Varve thickness was correlated 

to annual inflow, and lamination within individual varve 
units was related to intermittent or single-pulse under- 
flows. 

Study of present-day glacial lakes can assist in 
the determination of the frequency, magnitude and move- 
ment of suspended sediment by turbidity currents. But, 
studies in active glacial lakes have not, as yet, provided 
a complete understanding of how mechanisms of sediment 
entrainment, cae deposition and formation of 
structures occurs by turbidity currents. It is possible 
that the significance of turbidity currents could be 
assessed from Pleistocene or ancient turbidite sediments 


by interpretation of sedimentary processes (see Chapter II). 


DG) EoyiucOnmeniedloeinceroreta ion Om Pleistocene 


Lacustrine Sediments 


This study involves the use of environmental inter- 
pretation to analyze the depositional environment of 
glacio-lacustrine sediments. Through detailed observations 
of sedimentary associations the properties of sediments, 
energy conditions at the time of deposition, and the 


directional properties of the depositing fluid, an under- 
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standing of the complex interrelationships of ice-contact 
landforms can be achieved based upon fluvial-sedimentary 
processes. A similar approach can be utilized for lacus- 
trine environments where unidirectional currents (turbidity 
currents) are significant. Harms and Fahnestock (1965) 
propose that the relation of stratification to flow regime 
can be utilized by considering typical turbidity current 
deposits described by Bouma (1962) and Walker (1967). 

(A discussion of turbidity currents, turbidite division, 
and flow regime in the formation of varved sediments follows 
in Chapter II and III.) This approach used here is to 
interpret the depositional processes and determine the 
paleo-environment of the lacustrine sediments within the 
southern Okanagan Valley by observation and measurement 

and by recording both lateral and vertical distributions 


of the sidement types. 
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CHAPTER) -i2 


THEORY ON THE ORIGIN OF VARVES 


Z.1 Early Hypothesis on’ Varve Formation 

According to Flint (1971), as early as 1769 the 
regular alternation of sedimentary couplets in strati- 
graphic sections were attributed to an annual rhythm of 
deposition. De Geer (1912) applied the Swedish word 'varv", 
meaning ‘periodic repetition', to distinguish glacio- 
lacustrine rhythmites that were deposited in one year. 
However, depositional processes in different environments 
have also been responsible for varved sediments (see 
Anderson and Kirkland, 1966; Duff, Hallam and Walton, 
1967). A comprehensive definition for the term varve has 
been proposed by Gilbert and Shaw (1974), 

-.. "the term varve can be used to distinguish any 

sedimentary deposit on the basis of colour, texture, 

Organic Or inorganic composition, or minerology 

that has been deposited in one year." 
Their definition has been followed in the present study. 
De Geer (1912) concentrated his study on glacio-lacustrine 
varves as a geochronological tool for dating ice-recession 
in Scandinavia. He argued that sediment-laden meltwaters 
entered glacial lakes as underflows during the summer. The 
coarse sandy or silty sediment forms the so-called summer 
laminae, while the fine silts and clays circulate through- 


out the lake by turbulence and settle out of suspension 
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during the winter. De Geer supported his hypothesis by 
observation of differing varve thicknesses caused by relief 
features on the beds of fiormer lakes. Varves were thicker 
on the proximal side of bedrock highs. He interpreted this 
as an indication that the highs affected sedimentation and 
therefore, bottom currents must have been active. 

Antevs (1925) utilized De Geer's geochronological 
techniques in dating ice-retreat in eastern North America, 
though he disagreed with De Geer's hypothesis on varve 
formation. Antevs proposed that glacio-lacustrine varves 
were formed by sediment-laden meltwaters dispersing sediment 
throughout the lake on, or just below, the lake surface. 
The coarse sediments were considered to fall-out of suspen- 
sion first and the fines following the freezing of the 
lake surface. Antevs suggested that less dense meltwater 
could not flow below the dense thermal stratification 
zones found at the bottom of glacial lakes. Observations 
by Johnston (1922) in Lake Louise, Alberta and experimental 
work on settling velocities of sediment in glacial lakes 
(Kindle, 1930) supported Antev's theory. However, Antevs 
and other early researchers failed to consider that in- 
flowing meltwaters containing a high suspended sediment 
concentration is commonly of higher density than the lake 
water and could plunge below, as well as in-between the 
lake water, and flow along the bottom of the lake displac- 


ing the lighter ambient lake water. The presence 
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of the current structures in lake bed sediments cannot be 
explained by Antevs. Recognition of turbidity currents 
(Kuenen, 1950, 1951) and their significant) role in:sthe 
formation of graded beds (as in flysch and greywacke 
formation), seems to confirm the validity of De Geer's 
hypothesis (Gustavson, 1972; Gilbert, 1973). It appears 
then that the role of turbidity currents in glacial lakes 
as under, over, or interflows can more readily account for 


the deposition of varved sediments. 


eve, lUrD dite Origin of Varves 


A turbidity current (a type of gravity current) can 
flow over, into or under a body of water it enters, depend- 
ing upon the differences in density of the current and the 
ambient fluid. Observations in Lake Mead reservoir led 
to the identification of three types of turbidity 
currents: overflow, interflow and underflow (Gould, 1951). 
Gould found that overflows and interflows occurred during 
periods of low concentrations of suspended sediment in the 
inflowing water, while underflows were identified as the 
dominant currents in depositing sediment when large dis- 
charge peaks brought high concentrations of suspended sediment 
ito the reservoir. In addition, other researchers 
(Gilbert, 1973, Gustavson, 1972) have found that sediment 
concentration in the ambient lake water is also important. 
Lake water containing greater sediment concentration will 


be denser and underlie less dense layers of water with 
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smaller concentration. Overflow, interflow, or underflow 
therefore will largely be determined by the differences in 
suspended sediment in the lake, and the sediment concentra-' 
tion in the inflowing water. The following is a brief dis- 
cussion on the role of sediment deposition by over, inter 

and underflow turbidity currents. A more detailed discussion 
on the fluid dynamics of turbidity currents may be found in 
Beldao4?) ~aAlier (1970) ,*Middletion’ (1966 a,b:+2967), and 


Walker (1967). 


2.2.1 Overflow 

Overflow is the movement of a more or less discrete 
sediment laden flow of water over the surface of another 
water body. The inflowing water and sediment mix is 
lighter than the ambient water body. As the current 
spreads over the lake (controlled by a number of factors; 
delta configuration and size, lake basin morphology, winds, 
and circulation patterns within the lake) a loss of velocity 
occurs followed by sediment deposition. Only silt and clay 
Sigevparticlespatercarriecdaby jthisstypesof,current) (Gilbert 
197 3)ieeiThe«coarest grains»will be -deposited«on, the »pro- 
delta slope with the proportion of fines increasing distally. 
The fine clay size particles may be kept from settling by 
turbulence and by a high density of particles suspended in 
thesiare.. Withetacetreezingquotutheytakeysuxriacetthese part- 
icles will settle out of suspension. Therefore, varves form- 
ed from overflow currents exhibit a graded coarse summer layer 


of silt, overlain by a winter layer of clay. These varves 
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sometimes exhibit laminations. Antevs (1951) suggests 

that these could be the result of diurnal fluctuations, a 
reduction of sediment to the lake, and rapid loss of 
velocity by the current. Laminations in the winter layer 
may be the result of melting and the influx of coarser 
sediment. Also, overflow sedimentation in large lakes will 
ae a thicker clay (winter) layer and thinner coarse 


(summer) layer distally from the sediment source. 


Bones Ancert Low 

incert loOwssaresanklowing currents denser than the ake 
surface water, but less dense than the lake bottom water. 
This type of current will seek a level at which lake water 
density equals its own. As in overflow, temperature effects 
or sediment concentration could produce this type of 
current. Interflow currents rapidly lose velocity as they 
move into the lake (Gould, 1951). Coarse particles will 
fend co Sertle-out rapidly ciose to the current source, 
but they may be carried further due to greater turbulence. 
Dilution of the current by mixing lake water will aid in 
reducing sediment transport. Current velocity decreases 
as energy is lost to frictional resistance along the inter- 
face between the interflow and ambient fluid. As with over- 
flow, this type of current will transport only’ fines. With 
the loss of coarser sediment proximally, the diluted inter- 
flow will rise to the surface causing dispersion of clay 


particles into the ambient water until freeze-up. Varve 
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morphology will be similar to that resulting from overflow 
sedimentation; coarse summer layers of silt and a distinct 


clay (winter) layer. 


2e2.55) Uncgerllow 

Unlike over or interflows, suspended sediment con- 
centrations in underflows are large enough to negate temp- 
erature differences in lakes. As Bell (1942) states, the 
driving force of turbidity overflows and interflows is the 
initial velocity of the inflowing stream and once velocity 
is reduced because of decreased gradient, competency is also 
reduced and deposition takes place. However, the weight of 
suspended sediment in underflows causes a hydraulic head to 
drive the current. Kuenen (1950) suggests that the main 
factors determining the velocity of turbidity (by inference 
an underflow) current are size, density, slope, viscosity 
and resistance (bed and ambient fluid). As Allen (1970) 
summarizes, the greater the slope the greater is the velocity 
head "as indicated’ by the elevation of ~the head of the current 
(fig. 2-la) relative to the elevation of the source of 
suspended sediment. 

Middleton (1966 a, 1966 b) observed that a wave is 
established behind the current head immediately upon the 
stream entering the lake and becomes the major source of 
sediment (fig. 2-lc). He also confirmed that maximum 
velocity is attained in this wave and not in the head as 


thought by Kuenen (1950). Middleton's (1966 a, 1966 b) 
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(a) Motion relative to the ground 


Fluid motion in and near the head of a gravity current Source: Allen (1970 } 


(c) Pattern of flow within a turbidity current head. Source: Middelton, { 1966 | 


Figure 2] Showing fluid motion outside and within an 
underflow. 
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flume experiments also indicated that flow is diverted 
outwards from the interface of the head and ambient fluid 
(fig. 2-la). This allows the current head to overcome the 
resistance of the ambient fluid, and the leading point of 
the head becomes a stagnation point. Within the head the 
flow is diverted upward (fig. 2-lc). This upward divergence 
of flow also forms eddies behind the head and flowlines are 
forced backwards by the viscous drag (fig. 2-lb). The 
eddies are formed when fluid from the ambient medium mixes 
into the current. Middleton (1966 b) refers to this as 

the mixing zone. Denser fluid from the wave moves into the 
head maintaining the size and shape of the head and causing 
an unsteady surging motion. Middleton also provided evi- 
dence that turbidity currents entrain and flow over 
horizontal lake bottoms. Passage of the wave followed by 

a sudden decrease in velocity causes deposition of the 
coarse particles on the lake bed. At the tail of the current 
only fine silt and clay are left to settle-out by suspension. 
However the following section discusses the modes of de- 
position by underflows based on flume experiments by 


Kuenen and Migliorini (1950); Middleton (1966 c). 


2.2.4 Deposition of Graded Bedding by Turbidity Currents 
Kuenen and Migliorini (1950) used sand and mud suspen- 

sions to produce graded bedding from turbidity currents in 

flumes. Their experiments produced rapid deposition of the 


sediment resulting in a thin graded bed. However, the mode 
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of sediment deposition was not observed. Middleton's 
(1966 c) flume experiments provided observations on sedi- 
ment deposition by underflows of differing sediment 
concentrations. »in)underflows.of low-concentration. the 


following occurred: 


a) slow deposition behind the head, with no 


traction of particles; 

b) Slow deposition, but traction resulting from 
increased bed roughness; 

c) rapid deposition and an accompanying rapid 
decrease in velocity of the current; 

da) deposition, of fines trom ‘the tail of the current. 


The bed formed from low concentration flows exhibited 
Vertical ,and.Norizontallgrvading, with fining upwards and 
distally from the flow source. 

In high concentration flows Middleton (1966 c) ob- 


served the following deposition of sediment: 


a) slow deposition, but shearing and traction 
ofspartiches; 

b) a mass settling of particles forming a 
Lquicky bed; 

c) formation of a plane bed, with no deformation 
by shearing; 

d) deposition. of fines from the tail of the current. 


Middleton's experiments clearly demonstrate that graded 
peading occurs vertically and horizontally. However, 
because of the small-scale experimental size of the. flume, 
cross-bedding, sole marks, cross-lamination and flute 
stratification elements found in ancient turbidite struc- 
tures and Quaternary lacustrine stratigraphic units were 


not reproduced. 
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An important consideration is necessary when inter- 
preting ancient marine turbidites. Turbidity flows were 
of large dimensions and are unlikely to be duplicated in 
ice-marginal or proglacial lakes. However, small Pleisto- 
cene ice-marginal and Bees era lakes would certainly 
have been subjected to turbidity currents of greater 
magnitude than those found in present day glacial and ice- 
Marginal lakes (Mathews, 1956; Gilbert, 1973; Gustavson, 


E994). 


2.3 Ancient and Recent Turbidites 

Ancient turbidites (especially flysch deposits) reflect 
the alternating cyclic sequence of coarse and fine beds 
deposited by turbidity currents (Bouma and Bower, 1964; 
Duff, Hamlam and Walton, 1967; Walker, 1967). Bouma (1962) 
proposed an ideal turbidite interval (fig. 2-2). As the 
current wanes in velocity, the graded bedding passes from 
coarse gravels vertically into the sand and silt divisions. 
Although the magnitude of the currents and size of the 
flysch deposits make comparisons with glacio-lacustrine 
varves very tentative, Lajtai (1967) and Banerjee (1973) 
present arguments for the turbidity current origin of 
glacio-lacustrine varves. 

Kuenen (1951) described the significant re = of 
turbidity currents in the formation of glacio-lacustrine 
varved sediments. He supported De Geer's (1912) original 


hypothesis of underflows as the active process in the 
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A-—Graded division- coarse gravels and sands 


B—Lower parallel -lamination division-coarse and 


medium sands 


C—Current ripple -lamination division- fine sands 


D—Upper parallel-lamination division - silt and clay 


a 


laminae 


* E—Petlitic division - mud, silt and clay grain size 


Figure 2-2 


Source: Selley, (1970 ) 


Turbidite Sequence (modified from Bouma, 1962) 
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formation of the summer laminae. Studies in modern glacial 
lakes have identified turbidity currents, underflows, over- 
flows and interflows, as the active processes in the for- 
mation of lacustrine varved sediments (Mathews, 1956; 
Gustavson, 1972; Gilbert, 19/3)... Stratigraphic evidence 

of glacio-lacustrine varved sediments as noted by Lajtai 
(1967), and Ashley (1975), support Kuenen's hypothesis. 
Agterberg and Banerjee (1969, p. 647) provide a succinct 
summary of the processes active in the formation of most 
glacio-lacustrine varves: 


",.. a varve couplet has three genetically dissimilar 


parts (1, iZavande2b) : 

1. The silt (summer part was deposited in a relatively 
Shore period by, Gurbidity current.) Vablatzons 
between successive layers may be strong and a 
single layer will show a strong decrease in 
thickness away from the source. When multiple 
graded units are present, this may mean successive 
turbidity currents generated in the same year or 
pulsations within a single turbidity current. 

2. The clay (winter) layer consists of two parts: 
Part 2a deposited by the turbidity current after 


stagnation, and 2b deposited by slow, continuous 
settling from suspension." 


2.4 Turbidite Flow Regime 

Walker (1967) incorporated results or turbidity current 
experiments (Middleton, 1966, b) with the flow regime pro- 
posed by Harms and Fahnestock (1965). This is shown in 
figure 2-3. Walker suggests that flow regime can be inter- 
preted from facies, depending upon the distance travelled 
by the current across the basin floor, the magnitude of the 


floor gradient, and the flow parameters of individual 
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THE “COMPLETE” TURBIDITE, 
AFTER BOUMA ( 1962 ) 


PELITIC DIVISION 


UPPER DIVISION OF 
PARALLEL LAMINATION 


DIVISION OF CURRENT 
RIPPLE LAMINATION 


LOWER DIVISION 
OF PARALLEL LAMINATION B 


A 


GRADED DIVISION 


Source: Walker, | 1967 ¥ 


INTERPRETATION IN TERMS OF FLOW REGIME 


PLANE BED NO 
GRAIN MOVEMENT 


RIPPLED BED 


DUNES WITH 
RIPPLES, DUNES 
AND WASHED OUT DUNES 


PLANE BED WITH GRAIN MOVEMENT 


STANDING WAVES 


REGIME 


UPPER FLO 


ANTIDUNES. 


Figure 2-3  Bouma’s complete turbidite and its interpre- 
tation by analogy with flow regimes of 


Simons and 


Height above base ——————+ 


others (1965). 


Power declines 


DISTAL 


Downcurrent 


Channels, scours 
and flutes dominant 


Figure 2-4 


Vertical and 


Tool marks dominant 


Source: Allen ( 1970 } 


lateral (downcurrent) variation in 


an ideal turbidite bed (partly after R.G. Walker). 
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currents. He attributed differences in facies status 
between proximal and distal turbidites to the direct or 
indirect result of grain segregation processes within 
currents. Two mechanisms of sediment distribution are 
proposed: lateral grading and traction-carpet. No lateral 
grading occurs on steep slopes as coarse sediment is trans- 
ferred rapidly into the current Re ete ene as the 
current moves over lower slopes across the basin floor, the 
head and current stream are of the same velocity; sand will 
be deposited first, followed by fines out of suspension. 
The result is a lateral graded bed. In the traction-carpet 
mechanism, the coarse sediment is moved by bedload trans- 
port. Within the upper-flow regime, a high shear stress 
reduced below a critical level will cause the sediment 
carpet to 'freeze', with shear stress removing only the 

top layer. The result will be poorly graded or an un- 
graded bed (division A) deposited in a proximal environment 
(figure 2-4). With low shear stress, within the lower part 
of the upper-flow regime, a gradual accumulation of sand 
will form a structureless or laminated bed (division B). 
Ripple-drift lamination occurs as current velocity de- 
ereases distally (division CC). With a slow fall-out of 
sediment into the traction carpet, A type ripple drift 
(stoss side erosion, see Jopling and Walker, 1968) occurs; 
however, as the current decays, the greater fall-out of 
suspension forms B type ripple-drift (preservation of 


stoss-side) (upper C division). 
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Walker suggests two mechanisms forming laminae and cross- 


laminae directly by the current: 


1. Reworking, by the current, of previously deposited 
sediment. The result is thin, ungraded bedforms with 
ripples forming a single set of cross laminae. 

2. Formation of laminae and cross-laminae during primary 
deposition. The bedforms are thought to be thicker 


and better graded with ripples climbing into ripple- 
dridete 


Walker (p. 35) states, “Primary deposition can occur in 
all environments, but reworking is more likely in proximal 
environments as the latter part of the turbidity current 
Slows down through the regimes which form plane beds and 
ripple beds." 

Walker's study is important as an aid in interpretation 
and understanding the depositional ania of ehergilacio-— 


lacustrine varved sediments in the study area. 


Zoo. Conclusions 

The graded-bedding of ancient marine turbidites is 
considered by geologists to have been derived from turbidity 
currents (principally underflows). However, the transport 
and deposition of sediment by turbidity Be: are sel 
not theoretically or experimentally well understood (Allen, 
1970). Although small-scale experimental work (Middleton, 
1966a, 1966b, 1967) and limited observations in lakes and 
reservoirs (Gould, 1950; Mathews, 1956; Gustavson, 1972; 
ana Gilbert, 1973) have identified the ability of turbidity 


Currents for cLiow Over, imteo or under a fluid ana to transport 
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and deposit sediment, the importance of any one particular 
process in the deposition of glacio-lacustrine varves seems 
to be unclear. However, with an increase in direct studies 
of the mechanics of sediment entrainment, transport and 
deposition by turbidity currents in active glacial lakes, 
and combined with environmental interpretation of strati- 
graphic lacustrine varved sediments, a greater number of 
inferences could be drawn on the genesis of lacustrine 
sedimentation by turbidity currents. Varves appear where 
both turbidity currents and settling sedimentation work to- 


gether to produce the varve couplet. 
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CHARTER ALLL 


METHODOLOGY 


On Introduction 

A number of techniques were employed to distinguish 
the depositional environment of the glacio-lacustrine sedi- 
Ments of the Okanagan Valley. In the field the following 
were measured and recorded: geometry (shape and size of 
the stratigraphic units), texture, primary sedimentary 
structures, deformation structures, and directional proper- 
ties obtained from cross-lamination. The results of the 
field measurements are presented in figures 4-9 and 4-10 
inclusive. 

Mechanical analysis was conducted in the laboratory on 
samples taken at 10 cm intervals within a thick silt bed in 
each of the seven sections. Mean-grain-size and standard 
deviation values (Folk and Ward, 1957) were determined from 
the results of pipette analysis. The results are plotted 
Pneidgure 4—-L35)toCc4-16 inclusive. 

A linear correlation computer program adopted from 
Anderson and Kirkland (1966) by A. Higgins, Department of 
Geography, University of Alberta, ~ was used to correlate the 
varves in all seven sections. The technique is discussed in 
section 3.7, and a copy of the program is contained in 
Appendix 1. However, problems in the correlation of the 
varves were discovered following the results; these are 


fully discussed in section 4-7. 


34 


“ihee ahi > ialaateage x0 
| eakwoi tor ans blars, ot ne pest 
. 26 esis bars . acgiad te) ‘yorangag ‘ideale 

yzstasmtbhse yiamlad oxrixa.. tod iam t 

-yeqgoxrg ladbisoextd Bad basse 

stly to axivaies: ant sonia bine loaaer: mor” 


’ 7 » — iy . 


, vs 
4 "Ol=3 baer Gs sexu pl? ni: Huctasiapare bes. urmepaonsae Le. 


<A had ite tobtt aisttiw. # padladat ma OL ‘hs saad 
bichapje Inte eke “nisto-teet- Baektone a 
— bAndicinaat aa. (yee lee Bip Tet Sodkay 
fetsoiq ts eine ad’ ataylens sdzeqie ro, atti 
| o av Leu kipnd atnb ox cb xt 
ane pesgohi maior eduqane soLyebes308 ; 
45 Jig aqpa vanigete af yh: (onan bs fat 


id oxst ee a Se, page 


* 


aie Geometry 

The overall shape of a sedimentary body is a function 
of pre-depositional topography, the geomorphology of the 
depositional environment and its post-depositional history 
(Selley, 1970). For large sedimentary bodies of uniform 
lithological character, the shape is often preserved. The 
geometry of a sedimentary body refiects the controls present 
in the depositional environment and is therefore useful in 
the analysis of sedimentary environments. In glacial en- 
vironments, bodies of ice are often the controlling element. 
The geometry of any sedimentary body may be subdivided into 
two categories; external and internal. 

The external geometry of the southern Okanagan silts 
reflect the following depositional history: development of, 
and rapid sedimentation into, an ice-marginal lake, and the 
post-depositional exposure and development of the silt 
terraces with falling lake levels. The controlling element 
is assumed to have been a large down-wasting glacier occupying 
the trench, with ice-marginal lakes formed between the ice 
andiethe-valley Sides (Flint, 1935; Nasmith, 1962). In the 
study area, the external geometry was measured, recorded and 


photographed, and the results are discussed in section 4.2 


l This program was modified by Higgins in order to 


examine varve sequences in the Edmonton area, Alberta, 
where large numbers of varve sections had to be cor- 
related over a wide geographical region. The tech- 
nique seemed appropriate for the present study. 
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Internal geometry includes stratification and fabric 
within the sedimentary body. Interpretation of the internal 
geometry of the glacial lake sediments is discussed in 


greater detail under section 3-4. 


343° Texture 

The textural properties of a sedimentary body are of 
considerable environmental significance. Texture refers to 
the size, shape and natural arrangement of the component 
grains (Laporte, 1968). For clastic sediments, such as the 
lacustrine sediments in the study area, the environment in 
which they were deposited and the depositional processes 
are reflected in the texture of the sediments. The sedi- 
ments found in the lower parts of the sections are generally 
coarse-grained, angular and well-sorted, and indicate rapid 
deposition in a proximal environment. However, fine-grained 
deposits also occur in lower parts of the sections. The 
upper parts of the sections are composed of fine-grained, 
laminated deposits suggesting distal deposition in quiet 
water. 

The vertical and lateral changes in texture of the 
sediments reflect closely the Byicerpy and Beaivisrons-of 
the: turbidite Givision “(fig?+2=2) .." The“texture'of the 
sediments was visually assessed in the field, and is in- 


corporated with the facies states (fig. 4-8). 
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3.4 Particle-Si-ze-Analysis 

Statistical analysis of grain-size distribution curves 
has been used to determine depositional environments (Folk 
ange Wand, 1957*"Sol1Onup sana nlovan, 1970) =" Given that 
all grades are available, the coarser the grain-size the 
higher the energy level of the depositing current. Fluvio- 
glacial sediments show a rapid lateral and vertical fluctua- 
tion in grain-size distribution and in sorting properties - 
characteristics also evident in glacio-lacustrine turbidites. 
Evidence of a gingle, or multiple, coarse to fine grain-size 
fluctuation in the vertical profile could indicate deposi-’ 
t20n, by One Or More turbidity Currents. "Tn -dddityvon;, “changes 
in grain-size within a unit can help identify the processes 
responsible for deposition (Ashley, 1975). Mechanical analysis 
of the samples was performed following a procedure based on 
the following standard sizing analysis (Ackroyd, 1957): 
Pretreatment 

No organic material was found in any of the samples 
and mechanical disaggregation was not necessary since the 
field samples were already finely divided. 

1. Samples were oven-dried at 105°c for 24 hours. 

2. 10°9 of material” was’ weighed and 2-mi of 2-0 
percent sodium hexametaphosphate was added to 
achieve clay disaggregation. 

3. The solution was mixed for 5 minutes uSing an 
electric mixer. 

4. The sample was wet-sieved through a 0.063 mm 
sieve; as less than 5 percent was retained in 


the 0.063 mm sieve no dry-sieving of coarse 
fractions was necessary. 
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Sedimentation of the silt and clay. percentages 


5. The fines were poured into a sedimentation 
cylinder and the solution was brought up to 
1000 ml by the addition of distilled water. 

6. The cylinder and its contents were placed in 
a constant temperature bath at 30 C. 

7. Before sedimentation was allowed to proceed, 
the contents of the cylinders were stirred for 
a period of 2 minutes to ensure homogenous 
mixing of all particle sizes. 

8. A 10 ml sample was taken by pipette at a depth 
of 10 cm below the meniscus. Sampling times 
OL 22 secs, -l'min 730) secs.,> 6 mins, 24° mins, 
Jehrwands:50 mans..5.nGs; 20 mins, and. 254hrs 
25 mins, were used to give sampling points from 
48 to 10% at 1% intervals. ey 

9. The 10 ml samples were oven dried at 105°C and 
weighed. 

10. The proportional size fraction percentages of 
the original pre-treated samples were calculated. 
Folk and Ward (1957) statistics of mean grain- 
size and standard deviation were used to illus- 


trate grain-size changes within each silt laminae. 


Seo Sedimentary Structures 

Allen (1970) states that sedimentary structures give 
some indication of the depositing flow, velocity, and 
direction of the currents which occur in sedimentary en- 
vironments. A large number of sedimentary structures have 
been described and classified on the basis of morphology 
(Pettijohn and Potter, 1964). Experimental work in flumes 
and studies in presently active environments have shown 
that sedimentary structures result from bedforms developed 
under varying flow conditions. nee and Fahnestock 
(1965, 4p. 3/7) state, 

™ .-that bedforms are a. function of the following 

variables (and possibly others): depth, slope, par- 

ticle-size and shape, particle sorting, specific 

gravity of grains, density and viscosity of the 


water-sediment mixture, and cross-sectional shape 
and alignment of the channel." 
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Simons, Richardson and Nordin (1965) demonstrate that 
these aie terent combinations of hydraulic and sediment 
variables can produce a sequence of bed configurations in 
alluvial channels. They found that bedforms develop as 
the tractive force increases beyond the threshold value 
for sediment entrainement. If the tractive force is 
balanced by the friction between the fluid Bens ehe bed, 

a plane bed results. However, with increasing tractive 
force, the initial plane bed gives way to a sequence of 
ripples, ripples-on-dunes, plane bed, and antidunes 
ChE. S41.) 

In stratigraphic exposures, primary sedimentary 
structures exhibit internal stratification. Several authors 
have described and related these structures to processes 
and environments of deposition (Allen, 1964; 1970a; Cole- 
man and Gagliano, 1965; Jopling, 1963, 1966; Jopling and 
Walker, 1968). In the field, sedimentary structures were 


measured and recorded in the following manner: 


1. The face of the units in the sections were 
cleaned and exposed where necessary. 


2. In some cases, a fine spray of water was applied 
to the structures to aid in distinguishing the 
traces of the forsets of cross-bedding and 
cross-lamination. 


3. The total thickness of each sedimentary unit 
was measured. 


4. The lower contact of each unit was assessed as 
to whether a gradual, abrupt, irregular, de- 
positional or transition occurred from the 
previous unit. 
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Figure 3-1 Relation of stream power and median fall diameter to 


form of bed roughness. 
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5. The lateral continuity for each unit was.classi- 
fied under the following criteria: extensive, 
continuous or discontinuous. 

6. Any disturbance within a unit was recorded. 

7. Field grain-size of the unit was assessed. 

8. Where applicable, the internal structure of cross- 
lamination units were classified according to 
Jopling and Walker's (1968) nomenclature. 

9. Height of individual sets within the unit was 
measured and recorded. Also, the angle of climb 
for B-type climbing ripple drift was taken 
tangentially from the bed through a line joining 
the rupple crests. 

10. Paleocurrent directions were measured (see 3.5). 
The sedimentary structures were assigned facies states fol- 
lowing Shaw (1975). This aided in interpretation and allowed 
statistical treatment of the sedimentary characteristics; 
namely, the successional sequences. Transitions between 
facies states were enumerated from bed to bed vertically 
from the base of each section. The statistical treatment 
generated from this analysis is presented in Chapter IV 
(section 47.2). 

Although much is known from flume experiments on the 
behaviours of fluid-sediment mix in formation of bedforms, 
the stratification elements generated from bedforms found 
in stratigraphic sections are useful in interpreting flow 
environments. It is necessary, if stratification type is to 
be used to interpret changing conditions of flow, and to 
relate bedform and stratification type. Harms and Fahnestock 


(1965) utlized the work on bedforms by Simons, Richardson, 


and Nordin (1965) to outline a flow regime concept (fig. 3-2) 
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in which Sree teo on elements are used to interpret 
depositional flow environments. Although their study is 
concerned primarily with the relation of stratification to 
flow regime for fluvial environments, they outline the use 
of the flow regime concept for other environments. Harms 


and’ Fahnestock (1965, p./109) state, 


"Assignment of sedimentary units to flow regime 
categories allows comparative, although generalized 
interpretation of depositional flow environment. 
This classification should be useful in any setting, 
fiuviial }or Marine, withinadirectional currents." 


They illustrated the use of stratification and flow 
regime in the interpretation of a typical turbidite deposit, 
(fig. 2-3). This aspect of their study was used by Walker 
(1967) to present a detailed study of facies change in 


tubidrtes, (section; 2.4). 


3.6 Directional Properties 


In reconstructing sedimentary paleo-geography, paleo- 
current analysis is a valuable technique. Pelletier (1965) 
states that from observation on current structures the 
direction of the paleo-slope and the direction of the 
sedimentary transport can be determined. Local relation- 
ships of =current-ca1vectron-can paaea in environmental 
interpretation, whereas regional interrelationships give 


valuable evidence of paleocurrent patterns. 
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These factors are important in assessing flow direction of 
currents in Glacial Lake Penticton. The methodology and 
applications of paleocurrent analysis follow those given 
for cross-bedding and ripple marks by Potter and Pettijohn 
(1963). They present a description of classification of 
both cross-bedding and ripple marks and the methods of 
measurement. The numerous studies and mapping of cross- 
bedding and ripple marks in different depositional environ- 
ments indicate preferred rather than random orientation, 
and reflect the paleoslope. 

In the field, the current structures were measured 
following the technique outlined by Shaw (1975). The 
directions were recorded measuring the cross-bed dip 
direction at 90° to the strike of the laminae where the 
laminae traces are straight in a plane parallel to the 
bedding. Paleocurrent estimates are plotted individually 
in figures 4-10 to 4-11 inclusive. Finally, the estimates 
are combined in a circular frequency diagram fig. 4-18 
showing the most probable current direction at the time of 
deposition for each section and the regional interrelation- 


ship. 


3.7 Varve Correlation 

Regional correlations of varve sequences were first 
attempted by De Geer (1912), and later adopted by Antevs 
(1925). The techniaque involves obtaining measures of 


varve thicknesses from different sections plotting these 
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thicknesses on an ordinal time-scale, and visually matching 
the curves. This method works well over limited distances 
and within the same depositional basin (provided a marker 
bed common to each pair of logged sites is found), but 
correlation between different basins was not considered 
feasible. However, with the advent of computer programmed 
Statistical techniques, apparently more reliable lateral 
correlations can be made. Anderson and Kirkland (1966) 
used a statistical program to determine lateral correlations 
between stratigraphical non-glacial varves in four sedi- 
mentary basins. Their results showed high correlation 
coefficients (+ 0.80) for laminae thicknesses over consider- 
able distances. 

However, late-Pleistocene ice-marginal lakes in 
mountain regions received large accumulations of sediment 


during the melt season and deposition during the melt season 


varied enormously. Therefore, glacial lake varves would show 


varying thicknesses in response to the topical ice front, mode 


of deposition and lake development. Large units deposited 
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proximally and found lower in the sections widen the correlation 


of varve curves when matched against the thin upper units 


deposited distally and by smaller currents. The rapid develop- 


ment and deposition of sediment in ice-marginal sites would, 
over time and space, produce curves that would be harder to 
correlate using Anderson and Kirkland's program. 

As previously indicated, the varve-correlation program 


initiated by Anderson and Kirkland, and as modified by 
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Higgins (ppenane I) Department of Geography, University 
of Alberta, was used here. The program correlates thick- 
nesses of a sequence of 'n' varves of one section, with 
any 'n' varves sequence of another section. "N" can take 
on the values from five to the maximum number of varves 
in (the smaller section) each section. For each pair of 
matched sequences, the correlation coefficient R? PSucad— 
culated along with standard correlation F statistic. An 
F-test was employed to decide on the most statistically 
significant match. The use of the highest Be alone for 
the best-match is highly vulnerable, smaller samples can 
be expected by chance to produce relatively higher R? 
values. This is seen in the trends of a F-table where 
smaller Sasreemraaiee a nugnex critical & for *rej ection 
of the null hypothesis at a given significance level. 

The R? value, critical F-value and level of significance 
(Blalock, 1970) were compiled (Table 4-2), and the 'best- 
fit' varve curves, following the statistical results, 
between sections were constructed using the method out- 


lined by Antevs (1925, p. 120). 


46 


ois ns9 a al 


nevrey BS eit soutien ews 


oa 


Beiieg or <0 “ota “aes ines 


‘singe ry : Somectae, abit teste ortt °. 
tet olaal¥esé % neikgeton 168 bears te Hae 


ens witerints sine etd i) shioeh oF beret a 


4h soit 8a sence dt Sip te ete at odie shand? i wi 
io @alQnct 74. 7ecp ‘Leatdeneaire si figpais nt cams 


a 
Lbs baie P 
= 


- 


i. ‘reariestd eTery Pini rab ov soni! xe beaoeg 
oiarke Midet-% © 26 show? off at aeed eb! weit 
notivetesx fol -y iaspive tedoid 6 extupss wo Leene ob Lente 


n 
tees 


 * feveb abies titeita aevie ses b hesitiodyd’ ‘bon neat, ie 
socnestiinphsr ie fevah & a ap Lev’ Lanka lee" \ okey Shean? 
‘edged’! etd Bat (th) wkdet) part teas 259W yore: sme a ; 
tp Lai festjaisete od? batvoiict narien nares aa rs Bia 


“S06 Atom wy enten Bad Hes deioo srw woo 


Opa vis tose of esr)? eaginian y 
a " 
A UES icin ations sehdeal veel ae 44 ; 


j 

a ¢ 

i i iy 
Aa, Fas 7 ‘ ri 


CHAPTER IV 


FINDINGS 


ae incr Oduceron 

This chapter describes the seven measured sections, 
examines their facies states, grain-size distribution, and 
evidence of paleocurrents directions, and analysis of the 
patterns of varve correlation. The methodology used, and 
the results obtained, are presented together with a dis- 
cussion leading to environmental interpretations of the 
depositional processes responsible for the fine-grained 


glacio-lacustrine sediments. 


Aa2s otratigraphic Sectrons 


Of the seven stratigraphic sections, three (north 
Naramata, Naramata, and east Penticton) are found on the 
east side of Okanagan Lake and four (north Summerland, 
Summerland, south Summerland, and west Penticton) on the 
west side (Fig. 1-4). With the exception of east Penticton, 
the sections represent the best of the exposures allowing 
reasonable access and measurement. East Penticton has a 
dangerous cliff below the start of the log, and is only 
recorded vertically from this point. North Naramata, 
Summerland and south Summerland exposures are the result of 
slumping. The logs from each section are numbered according 
to the number of varve units, from the smallest to the 


largest. 
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Neder eee South Summerland (Log 1) 


This section, a road-cut exposure, is 16.5 m high 
and OcCUrS? 3.0 kimnesoucimoc ounmerland, (fig. 1-4). It Jis 
heavily faulted, and subject to frequent slumping (fig. 4-2). 
The presence of faults throughout the section required that 
logging of the section begin at a higher point above the 
base of the section than was anticipated. This section con- 


tains only 52 varved units, the smallest number measured. 


AZ 2 West Penticton (Log 2) 


Theysecond og Occurs "S.2 km ‘north of Penticton at 
ME. “Chapaka-Lodgew(irq. I=4)" *fhirs ‘section is’ 33.0 m high; 
however, the uppermost portion of the section has been eroded 


(fig. 4-3). There are 55 varved units in this section. 


Atte North Naramata (Log 3) 


North Naramata section is 18409m high (f19:774-5), and 
lies approximately 8.0 km north of Naramata (fig. 1-4). fThis 


exposure, adjacent to the lake, is the result of a massive 


slump. Below the base of the recorded section is 25 m of silt. 


This section CcontasnseovuvaLlvedsunits. 


A.2,4 Naramata (Log 4) 


This section is 36.0 m high and lies adjacent to the 
lake 0.5 km north of Naramata (fig. 4-4). To measure this 


section adequately it was necessary to log laterally, as well 
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4-2 


Summerland section, log 6. This exposure exhibits 
recent active slumping resulting from excessive 
irrigation. The photograph was taken south of the 
section on the road that traverses this slump. The 
height of this exposure is 33.0 m. 


South Summerland section, log 1. This is the shortest 
section. The face at the lower left hand corner of 
the photo is heavily faulted. The material in the 
foreground exhibits a former slump. The total height 
Of) thas section 15 6 C5 Mm. 
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4-3 


4-4 


West (Penticton section mwelog 2.  Thestop, of ‘thas 
section has suffered significant erosion. The '‘white- 
silts' end here at the start of the Penticton flood- 
Plann i bages OLstnVSmceCtlon 1Smose0 Mehigns 


Naramata section, log 4. A heavily faulted section 
with steeply dipping beds towards the south. The 
photograph is taken half-way up the section looking 
south eene face Of Gnas section is 36,0.m high. 
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4-5 North Naramata section, log 3. The foreground of 
the photograph is a revegetated large slump that 
produced this good exposure. The sediment below 
the rhythmic couplets is composed of contorted and 


brecciated rhythmic units. The height of this 
face is 18.0 m. 
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FIG. 4-6 


East Pencteron Seceton,,10G.5. “The photo- 
graph was taken at the start of the section. 
Below the photograph is a sheer cliff approx- 
imately 20 m above Okanagan Lake. The height 
of tChisetace 1524.0 im. 
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as vertically. This section is heavily faulted at its northern 
end (left side of fig. 4-4), and beds at the base of the 
section dip at angles of 40-50 degrees. The lower part of 

the section contains alternating beds of coarse and fine 
sediments grading into fine lacustrine sediments. There are 


69 varved units present. 


A2 5 Hast) Pentvctonmtloge.) 


f 


The east Penticton section is 24.0 im high (fig. 4-6), 
and is situated 4.8 km north of Penticton (fig. 1-4). However, 
because of the steepness of the exposure, the log only records 
the top-half of the section containing fine-grained sediments. 
It is well exposed, with little erosion, and contains 74 


varved units. 


ALD 6 Summerland (Log 6) 


tnLS@SeECEIOnwiS= 55.0 Meni gh and: 1s situated “3. 2) km 
south of Summerland (fig. 4-1). The lower part of the section 
is masked by a large slump (fig.4-1), composed of fine-grained 
sediments. No coarse-grained sediments are recorded at this 


section. There are 78 Varves vecorded 1n this section. 


eae North Summerland (Log 7) 


The north Summerland section is the highest and best 
exposed section within the study area. The log is 47.0 m 


high, extending from lake level to the top of the section 
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North Summerland section, log 7. 

The highest and best exposed 

section in the study area. The 
photograph was taken from the 

road about 2 m above the lake. 

The photo illustrates the lower 
coarse sediment zone A; the tran- 
sition zone B; and varved couplets 
Cua pl bemcotal hergqnevorm this section 
is 47 m. 
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(fig. 4-7), and 1s located!) 3,2 km north of Summerland: 
The lower part of the log contains a large number of coarse 
(mainly sand) beds, with little faulting or erosion. There 


arveuc4 varved units in this section, 


4.3 Facies States 


Five facies states have been classified to aid in 
interpretation of the depositional processes and flow regime 
environments of these sediments. With the exception of 
gravel and diamicton facies, these facies states are adopted 
from those outlined by Shaw (1975), and determined by Allen 


(1970). The facies, shown in Figure 4-8, are: 


1. State A-Cross-laminated Sand Facies 
2. State A,-Cross-bedded Sand Facies 


a7 A,-Flat-bedded Sand Facies 
4. B-Alternating Beds Facies 


5. C-Parallel-laminated Facies 


2 el Cross-laminated Sand Facies (A) 


This facies is well represented in all but two 
sections - Naramata and south Summerland. The nomenclature 
of the cross-lamination follows that outlined by Jopling and 


Walker (1968). However, the type C cross-lamination was not 


found in the sections. Type A cross-lamination was subdivided 


following Allten~(1968) ante ccabuiar or trough units. ‘The 


Angles of climb were recorded, These units showed low 


ys. 
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Figure 4-8 Facies states 
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(for type A) to high (type B) angles of climb and grain 
Srseuwas Of a faner texture, than facies A, - This facies 
occurs both in association with the flat-bedded sands and 


with the parallel-laminated sediments. 


4.3.2 Cross-bedded Sand Facies (Aj) 
this factes only occursiin unit 15 of the’ west 
Penticton section. The cross-bedded sand facies occurs 


Ly association. with facies A,. 


4.3.3 Flat-bedded Sand Facies (As) 

This facies is well represented in five of the seven 
sections; exceptions are south Summerland and Summerland. 
pieupuak OL the ower uni tsi the sections ane composed 
of horizontal and inclined stratified sand beds, with 
structureless beds showing faint horizontal laminations 
(fig. 4-8). These units are usually coarse to medium- 


grained in texture and underlie the cross-laminated 


facies in vertical sequences. 


4.3.4) Alternating—-Bed!’ Facies (B) 


As with cross-bedded sand facies, the alternating 
bed facies occurs very rarely. This facies state is most 
commonly associated with facies C. Occurrence of sets of 
this facies are found overlying the upper parts of the 
logs containing cross-laminated sand facies, and under- 


lying the parallel-laminated deposits. 
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Mase 5 Parallel-laminated Facies (C) and (D) 


This is the most widespread of the facies states 
(fig. 14-8).. These sets have been further sub-divided on 
the basis of summer (silt) and winter (clay) layers. The 
silt layers are classified as facies (C) and the winter (D). 

In vertical section the laminations may be straight 
Or wavy, and are invariably developed in either facies. The 
sedimentary surfaces of these facies are transitional or de- 


Positional, and minor faulting occurs within the sections. 


474, SFactes Association 


An in-depth description and analysis of the facies 
occurring in the sections allows further analysis of the 
depositional processes responsible for their origin. The 
proportional thickness and transition relationships between 
facies are presented. Shaw (1975) states that these asso- 
Ciations may provide, along with a discussion of sedimentary 
properties, conclusions on the pertinent sedimentary processes 


acting in glacial lake environments. 


424-14 Proportional Thickness 


Figure 4-1l presents the contribution, by percentage, 
of each facies to the total thickness of the seven sections. 
The sections are dominated by the high proportional thicknesses 
Of facies (C).1D) and A,- Facies A and B are well represented 


in all sections, but contribute only small thicknesses. 
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States A C and D provide an interesting relationship. 


ou 
In logs sampled vertically from the present level of Lake 
Okanagan, facies A, is found in the lower portions. However, 


these states only occur where nearby streams are found 
entering the lake, i.e., Trout Creek, and Eneas Creek. 

The intervening sections fail to exhibit these coarser members 
in large thicknesses; however, facies states C and D are 
dominant. The separation of these two facies, whereby C and 
D overlie facies Ay, is reflected in transition data in 


Section: 4.4.2. 


1 es GA Facies Transition 


the, transition data for the facies states (except A, 
whose occurrence was minimal) in the six of the seven sections 
are presented in table 4.1. The transition matrix is the one- 
step transition method outlined by Krumbein (1967) and applied 
by Allen (1970a) and Shaw (1975). The upward transition 
probability, p, is indicated in each box of table 4-1 with 
each row summing to unity. Figure 4-12 illustrates the im- 
ae geeare: flow branches» for the’ facies states at probabilities 
of p?0.10. The common sequence probabilities are calculated 
as the product of probabilities for each transition in the 
sequence (Shaw, 1975). Figure 4-12 illustrates the paths by 


which state D can be reached after commencing from this state. 


; nk 


tsncotaag 
| | is ti ons a 
ear ewol © "Sent aay anit bade 

| Pot ed encore tan 


Atco + 2e'TE99 pai Heine o3 iets 
a%6 0 Bis 3 sends eetos?, | tetewort te 
hoy 2 oclrety \aetest awe esata te solabeneenal 
nt notttanay at ‘bedosihtes ety gk. estoa’, 


a 


a ob aie 


— oN, 


. = [ nots Lass? sebbes . 


A senoxs) aodeia vetsad ef? x08 ait cit nots tenisy ‘ed? fi 

on . | at 
andijoon nevee oft 2O xia elens tfence im sw ‘eon rayop9 8 
eno ade mt xiajem aositenes7 at bed oldaz at be: 


“ » 
a of) Reoeckwis ve Penk eue Hocisrenn nortiec 


«4 
£0 


noldteiers hiavge eal . eTer} wade) bee notet) “a 

(giv t-b-oldet Do sod dose at Hosanisak Bt a gout 
ems oxts Spesanenses if-b devisiet rere partnooue ot 
sbttlidadésa i; nce Bs ioet od to gatounrd 

fs ate | ‘fod Lo, of -absbh idodetg enaeuped: ese <<: 
of2 al sotpiontas teem 10% split tdadong to 3 

Vd ating oF ancestaults si- ootig tt Roe 
apete wii eat pap woniae sodhe | ea Lat #02 


: 
Th" a8 * om _- a1 
P : : ' of a : _ ie “is o Os DS ns > 


63 


TABLE 4-1 - Upward Transition Probability Matrix 


The transition probabilities in table 4-1 and fig. 4-12 

illustrate that the sedimentary succession DCD is the most 
Significant transition. Because of the strong relationship 
between the summer (silt) and winter (clay) layers it would 


be expected that this succession is most significant. 
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4.5 Grain Size Analyses 

A thick silt unit was selected at each section and 
samples, taken at 10 cm intervals, were used in grain size 
analysis. The following units were sampled: log 1, unit 25- 
RUGlceeeOog 2, Units 4-04 ecm od. sy nit.) 3—120"cm; Tog 4, 
Unies lO; cm, Log Sa unit 359-104 cm log 6,. unit 45-103 cm; 
log 7, unit 77-106 cm (fig. 4-9: and 4-10). 

It would be valuable to obtain grain size parameters for 
a time-correlated bed from aie sections in a down-valley 
direction. Unfortunately, time correlation on the basis of 
statistical methods has not proved reliable, and owing to 
the intense faulting and discontinuous nature of the exposures 
it is not possible to "walk-out" a single bed. Alternatively, 
grain size analysis of samples taken at regular intervals 
within an individual silt layer allows discussion of the 
variations in the size of material with time. Common trends 
in sedimentation can then be obtained by comparison of 
successions in silt beds at different sites. 

As more than 95% of the material passed through the four 
phi (0.06mm) diameter sieve, size analysis was based on 
pipette data at one phi intervals. The samples were analyzed 
to 10 phi. The cumulative percent weight was recorded on 
cumulative frequency graphs where the ordinate represents the 
cumulative frequency and the abscissa the phi diameter 
particle size. From the cumulative frequency graphs, the 
graphic mean and standard deviation were calculated using 


Folk and Ward (1957) statistics. 
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Results for the sections on the east side of Okanagan 
Lake and those for the west side sections are presented in 
Separate graphs (figures 4-13 A and B). These figures 
illustrate a scatter plot of standard deviation versus mean 
grain size for all samples. Of the eastern sections, the 
North Naramata (log 3) samples are finest ranging from 6.8 - 
7.5 g and the Naramata (log 4) samples the coarsest, ranging 
from 5.5 to 6.2 g. The mean grain size values for samples 
from East Penticton (log 5) lie between the North Naramata 
and Naramata samples, from 6 - 7 g. Generally, standard 
deviation values range from 1.3 to 1.9 g, with the majority 
of samples found between 1.4 and 1.6 @. 

North Naramata (log 3) samples exhibit high mean ¢@ 
values indicating finer grain size of silt with very little 
inclusion of coarse size fractions. Moreover, as indicated 
by standard deviation, the samples show poor sorting. The 
Naramata section (log 4) downvalley exhibits coarser grained 
deposits shown by the lower mean ¢@ values. Sorting of the 
samples, however, shows a fairly uniform distribution. The 
East Penticton (log 5) samples exhibit a wider range of grain 
size from coarse to fine silt. Furthermore, the standard 
deviation values indicate well sorted for some of the samples 
and poor sorting for the finer samples. 

Samples from the west sections do not fall into the 
distinct clustering exhibited by samples from log 3 and 4 of 
the eastern sections. Overall the mean grain size values for 


most of the samples range from 6 - 7 g with only a small 
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Figure 4-13. Scatter plot mean grain vs standard 
deviation 
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number of samples coarser than 6 ¢g or finer than 7 ¢. 
Standard deviation values generally range between 1.4 and 
1.6 g, although samples from three of the sections are found 
below 1.4 g. North Summerland (log 7) exhibits the coarsest 
and best-sorted sample at 5.5 g and 1.3 g@ with the majority 
of the other samples found between 5.8 to 6.5 ¢ and 1.4 to 
1.6 g. The nearest section, Summerland (log 6), downvalley 
shows finer grained samples clustered from 6 to 6.8 g. These 
samples also show a narrow range of standard deviation values 
- 1.5 to 1.7 g. The South Summerland (log 1) samples are 
widely divergent with mean grain size values ranging from 6.2 
EO? Poe O we tOOlLING si swalsco (variable ranging from 1.2 to 1.8 d. 
Samples from West Penticton (log 2) are similar in mean grain 
size and standard deviation to East Penticton (log 5) samples. 
A single sample is coarser and well sorted with the majority 
of the samples in the unit being finer and less well-sorted. 
Generally, the samples from the eastern sections (North 
Naramata and East Penticton) are finer and less well-sorted 
than those of the western sections. The western side of the 
Okanagan has larger tributaries (fig. 1-3) and coarser frac- 
tions may have been supplied to this part of the proglacial 
lake. Nevertheless, the Okanagan samples collectively 
correspond in mean grain size vs standard deviation to silt 
layer grain size values found by Ashley (1975) and Banerjee 
(1973) (416. 4-15)... Astitey found that mean grain "size: ian~srit 
layers varies according to the environment of deposition. 
Her varve group III classification (clay thickness less than 


silt thickness) is similar to the couplets found in the 
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Okanagan. In addition, Ashley found that the silt layer was 
composed of laminations of varying grain size, and does not 
always fine upwards. The detailed grain size distribution 
diagrams (figs. 4-14 and 4-15) of the Okanagan samples 
reflect similar depositional characteristics. Ashley Cees 
that the genesis of group III varves are thought to be 
associated with the formation of lacustrine deltas by density 
underflows. 

Banerjee (1973) sieornHoWed that silt layer grain size 
distribution varies according to the mode of deposition. He 
concluded that coarse and better sorted silt layers with 
cross-~lamination originate from turbidity currents with bed- 
load transport. Conversely, the silt layer of varves with a 
Size range of 5 gd to 8 g, without cross-lamination, are 
thought by Banerjee to be the result of turbidity currents 
without bedload. The Okanagan samples generally fall within 
the size distribution outlined for silt deposited by turbidity 
currents without bedload (fig. 4-16). 

Comparing this study to the ones mentioned above, the 
sections present grain size characteristics that suggest 
specific depositional processes. The North Naramata (log 3) 
unit (fig 4.14) shows a general decrease in grain size up to 
60 cm above the base. The upward fining of the silt is 
mirrored by a decrease in sorting. The 70 cm sample shows an 
increase in mean grain size while sorting decreases. From 


70 cm above the base until the onset of the winter (clay) 
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layer the samples become progressively finer and more poorly 
sorted. The increase in grain size at 70 cm could possibly 
indicate deposition from a more powerful underflow event. 
The remainder of the samples seem to indicate deposition 
from low velocity currents. 

The Naramata (log 4) unit appears to be the opposite of 
the North Naramata section. The mean grain size increases 
until 40 cm above the base of the unit. Although the higher 
deposits are coarser, the sorting does not improve until 
40 cm sample. From samples 40 to 70 cm there is a slight 
fining trend with poorer sorting. The mean grain size in- 
creases from 70 to 90 cm with an improvement in sorting at 
80 cm. The last two samples show rapid fining prior to the 
winter layer. This section has two samples (40 and 80 cm) 
in which coarser and better sorted silt was deposited from 
stronger currents. 

The East Penticton (log 5) unit samples show a more 
varied change in grain size with height. The mean grain size 
decreases to 30 cm above the base. The sorting improves from 
Cues pace wo Gebhe sa CeO 2c, abuts tien .decreaseccuat 30° Chain 
conjunction with the increase in fines. The 40 cm sample 
exhibits an increase in coarse. material with significantly im- 
proved sorting. The sample at 50 cm is finer, although there 
is only a slight decrease in sorting. From 50 to 70 cma 
slight increase in mean grain size occurs with poorer sorting. 
The final four samples show a slow fining trend toward the 


winter layer, but rather than sorting becoming poorer, the 


70 


cases ih pines im ot 


aif 


nee, woRe ttn’ tyke 


ty igodeb sspoitnt & 


i — a oe 19" Be 
RO @9S8O9G BT, thas enoggat 380. we erm pi 
‘ant ny “ in 
ioeveiunl Ste gee iteom edt pete den bi wt se A. 
wallet ost seule Lag «3hig cs ae to eond od. ft 
(iat avo rg don ely PKL enke . «tomo | 
tieile 8 34 


eiedd me .0% om Ob soLginse ac, . 
Site NlSID CRON att 


wWttas ‘ah T2190 daw. avast 4 
kites ab, srenqvougls ns ia ky mo Ue of OF. 2% 
ane 0.3 20s 


LOLNG Pr sLiis. 


- i Pe A 4 ee 


1° wore eolquae’ ows: Suwsh om 


iS bas OF) selqmea ‘ows apd noksoee Okey: pare 
ior), 663 Leoust 


} besteogueh saw tlia bedtos. tessa bok xatteoe, 
“BIROTIHO uf 
: tOn yous Es ita t hark 2 pow) Kedots aed tesa | eat |, 
yw 
¥ 
nasa od? Joled silw exe cba sth. ooasiid B 
cs OuQad, Out Paes SAP » ‘a Paes ais avods, | ait os OF: 3 
i a: "4 : 
it so 60 35 Saeon ioe, negs dud ae se Cd ting onlt oe 
ae Lfotek ae Ob sie 


pth 


ont ad AE OTINE, ont ats ho ae ied 

un! ylonsh Di dagie aya ‘tation athaos mt << 
eA 

ereds | oni tate ei my ag om. eiqnee ent 


6 ep (0%. eae Oo tials | pana at: same 
oer “on adi erktboo, ante. ames 


an ie 


fis: 


90 and 100 cm samples show improved sorting. This is some- 
what of an anomaly in comparison with the other two sections 
where sorting is poorest at the 100cm sample. This unit can 
be interpreted as follows: the 30 cm sample may indicate de- 
position from a turbulent suspension with fine poorly-sorted 
Material. The 40 cm sample may be the result of a higher 
velocity current that transported coarser better-sorted 
“material in response to higher melt-water inflow. Above 
40 cm lower velocity currents depositing finer and less well 
sorted material seem likely. 

The west sections (fig 4-15) show a more varied change 
in grain size distribution. The North Summerland (log 7) 
unit exhibits an increase in mean grain size up to the 30 cm 
Sample. Sorting is poorer at the 20 cm sample but rapidly 
improves with the coarser material at 30 cm. From 30 cm to 
70 cm the silt is alternately finer then coarser. The 
sorting is poor and does not fluctuate in response to the 
fining and coarsing. The 80 cm sample shows a rapid increase 
in mean grain size with improved sorting. The final two 
Samples fine rapidly upward with a decrease in sorting. This 
unit exhibits an alternating decrease and increase in fining 
that may be a response to more variable current velocities. 
The coarse and better sorted samples at 30 cm and 80 cm 
suggest underflow events; whereas, the remainder of the sam- 
ples may be indicative of lower velocity pulsating currents 


carrying finer and poorly sorted material. 
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The Summerland section (log 6) shows an increase in 
mean grain size to the 30 cm sample. The sorting is poorer 
at 20 cm and then improves at 30 cm. From 30 - 40 cm there 
is a decrease in grain size and sorting is poor. The grain 
size coarsens gradually from 40 to 80 cm with sorting poor. 
The final sample is fine and shows poor sorting. This unit 
does not show a varied change in grain size as does the up- 
valley section (log 7). The grain size profile is scnaets 
to the North Naramata and Naramata sections where low velocity 
currents deposited finer poorly-sorted silt. The sample at 
30 cm is the only one which exhibits relatively good sorting 
and coarse grain size. 

The Sones Summerland (log 1) unit shows a similar mean 
grain size trend to North Summerland. There. is an increase in 
mean grain size from the base of the unit until 20 cm with 
improvedesortingarerrom 20 scemrtos60: chethessediment is 
alternately finer and coarser with decreased sorting. Finally, 
there Ciseargradual sfining ftréendGerome60 cmetosthe Seep sofethe 
unit. There is an improvement in sorting at 80 cm but the top 
samples show poor sorting. 

The West Penticton (log 2) unit exhibits a fining 
trendy trom stheybasehof ithe aimitietow30 Kemi nh Thisis “similar 
to the East Penticton section unit. The sorting is poor from 
the base to the 20 cm sample, but improves at the 30 cm sam- 
ple. Samples from 30 to 80 cm are alternately coarse and 
fine Aiti-thyias BapId fining: trendieizom 80: to. 200 sem. ~ Sorting 


is poor from 30 to 60 cm where the silt is coarsest. From 
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60 to 90 cm the sorting is poorer, but then rapidly improves 
at 00cm corresponding to the East Penticton section. 

Generally, the North Summerland, South Summerland, 
East and West Penticton sections show stronger alternate 
coarsening and fining trends within the profiles. Also, 
one or two samples exhibit relatively coarse grain size 
anauge@od Sorting either! at 20 to; 30 cm) and 60,970, or 80 cm 
levels. North Naramata, Naramata, and Summerland units show 
only slight fining and coarsening trends with generally poor 
sorting. Nevertheless, each unit does Baer sample that 
is coarser and better sorted either at the 30, 40, 60 or 80 
cm above the base. In all sections the mean grain size 
rapidly decreases from 80 to 100 cm samples. Moreover, 
except for East and West Penticton, the degree of sorting is 
poorer in conjuction with this fining trend. 

The units are not graded such that mean grain size 
increases from the base to the top, as would be expected in 
turbidite or single current deposition. Rather, the samples 
suggest that a series of currents were responsible for the 
Genesiswo tthe silt unites bnalyidualicurrents#e1 mm resoonse 
to meltwater inflow deposited the silt throughout the melt 
season. Larger underflow events may be indicated by the 
increase in mean grain size and lower standard deviation 
values. 

The grain size analysis indicates that samples from 
the Okanagan were similar in grain size distribution to those 


observed by Ashley (1975) and Banerjee (1973). Furthermore, 
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processes of sediment deposition by turbidity currents seem 
to be the best explanation for the changes in grain size 
andssorting within ~large silt units. Individual: currents 
deposited coarser sediment giving rise to lower mean 

grain ¢ values and lower standard deviation values. Con- 
versely, currents of lower velocity or from a more distal 
sediment source may have deposited finer-grained and poorly- 


sorted sediment. 


4.6 Paleocurrent Directions 

Paleocurrent estimates obtained from cross-laminae 
and cross-Strata are shown individually. in-figs. 4=9 and 
4-10 inclusive, and combined in figure 4-17. The individual 
sections show paleocurrent distributions that are distinctly 
bamodal or trimodal. Alten £01970) Mstates. ... "directions 
(from turbidite bedding) remain almost constant over very 
large areas and persist with only slight changes." This 
observation has given rise to the concept that the basic 
regional control of paleocurrents was the paleoslope, anda 


Single source. The Okanagan Valley would have acted as a 


basic regional control where paleocurrent estimates illustrate 


a north to south trend following the valley slope. However, 
the bi and tri modality of the combined estimates illustrate 
that a single source current system is not valid for an ice- 
marginal lake. Gustavson (1975) clearly showed that tur- 

bidity currents originated englacially, super-glacially, and 


from a delta origin in Malaspina Lake. Depending upon the 
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Figure 4-17 Paleocurrent directions 
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source and fluctuations during the meltseason, paleocurrents 
Originating in glacial lakes from turbidity flows would be 
expected to be bimodal or polymodal similar to those found 
in the Okanagan, whereas flow directions from a fixed delta 
source would show more unimodality. 

4.7 Varve Correlation 

An attempt was made to derive a best~fit correlation 
between the varved units for all the sections. The results 
are presented in Table 4-2 and figs. 4-18 and 4-19 inclusive. 
The table indicates the units that match between each 
section, and in all cases almost all the units in each 
section correlate at .001 level of significance. The 
figures show evidence that the thick units, at the bottom of 
the sections, dominate the correlation. In a complete anal- 
ysis of this technique, it was found to be impossible to 
accept these correlations. Basically, it seems to fail for 
the following main reasons: (1) the program is attempting 
to correlate time dependent units on the basis of thickness, 
and (2) the program uses pair-wise correlation. 

Generally a proximal varve will be thick and a distal 
varve thin. Therefore, the units were time dependent in 
their properties. Also, thickness varies systematically 
within each section and throughout the basin. The program 
simply correlates the thickness of units between each pair 
of sections. 

Therefore, correlations based on thickness cannot be 


equated as time dependent units especially when no marker 
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TABLE 4-2 


Varve Correlation 


ion 5 Section X Section Y F:Stat- Level of 
sf R Units Units istic Significance 
2 - 4653 1-52 j 1-52 £3 300 G7 .001 
3 7009.3 1-49 r 11-59 15.3920 nO Oud 
4 5549 9-52 ; 1-44 18.6862 2.001 
5 - 4544 1-52 ; 10-61 Ls, 008-8 S0Or 
6 ~4562 1-52 ; 19-70 LL 466 nOOe 
7 ZOLOG 1-52 pe 6 6626 le 18.2246 Ola 
3 Pols 1-55 4-58 83.0263 QOL 
4 LOA 1=55 14-68 63.9240 - O01 
5 70260 6-55 1-50 23R 8296 .001 
6 <t oa, 1-55 19-73 80.0563 ONL 
7 - 8366 1-55 26-80 236253 .001 
4 253 1-59 j 11-69 93.0893 OO) 
5 Soc aes! 1-59 ; 6-64 Peo O75 GOL: 
6 TRESS 1-59 ; 19-77 Sa 852 OO. 
f 52962 1-59 7 13-71 31.4378 G0) 
5 eave ts) 1-57 ; 18-74 25.1960 .001 
6 - 74903 12269 ; 1-58 67.9097 001 
7 -6394 2-69 1-68 45.6478 2.00 1, 
6 2 56G1 1-64 : 15478 29.2441 .001 
7 -5848 1-74 ; 9-82 37.4220 S00) 
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bed is identifiable throughout each section. 

Furthermore, the correlation program has a weakness in 
its construction. This computer program uses pair-wise 
correlation. Table 4-2 and the following example illustrates 
a problem inherent in this type of sampling method. Section 
1 was matched against section 2 with 1-52 vs 1-52 as the 
best-fit sequences, and section 2 matched against section 3 
indicates 1-55 vs 4-58. However, when section 1 is matched 
against section 3, 1-52 should be matched against 4-55. As 
table 4-2 indicates however, section 1 against 3 shows units 
1-49 matched against 11-59. The program should have been 
written to correlate all sections in sequence. In addition, 
in order to adequately assess all correlations between two 
50-unit sequences, approximately 50,000 comparisons would 
be needed. Such a degree of computation is, for studies of 
this nature, prohibitively expensive. 

4.7.1 Alternate Methods to Correlate Varve Units 

Although the results of the program indicate that it 
does not work, there are, with further research, hopes that 
gi might ia applicable to varve correlation in ice-marginal 
lakes. There are a number of steps that offer some improve- 


ment in this technique. 


The difficult problem in the field was the identification 


of a marker bed that could be identified through lateral 
gradation in all sections. If such a bed is identified from 
section to section through a computer program, then a time 


correlated unit can serve as the basis for correlation 


82 


ri ” i i ; a : : } ne ” ¥ i as 7 , : 
; yn i . : ; 7 : i : ¥ a a 4 7 : 4 bd on ie ; | a : 4 a 
ip r : } t iv ie Mi ss ae _ r; a . a, nh Ty i 
6 7 : : oof aa i iw. ; ; at ’ i bry ; my: Hy: a 


i eta : ; " 
ae Ne aie ih mS 


Danese 2 


LP 


pesto | 
told hind Sekine 5 peer riiow 8 ¢ ba . 

. : sols: teoipye Penotnan, waar ‘shih 

Paricha scat, tik ue hoivaba Aad aNewelt aaah a 

. a4 ,@h=8 \ Senkepa bade sen att Pisone Sein it 

| ahive aroga £2 tattawe sb sok toes viewewor< 
hood ave Sapo mms sie) ‘eit beens sautinn 4 

ao ha ebbay he EEN po ct, ano bbe: iiaetel 

owt (ceepwatiod: eagise hoaxes fhe aiay eres: clssnupie 08 


hig 


x 


Kiwow sito fing ENED: G00, Oe ef sie KOGA 

; Jaivéion ok. (Ok noi sachin t¢ sage & dod we 
| ov tela dow takaiidorsg era ay . 
wiall <a ig dei once aremnmer 


+) dace a3 ita al cla esd. + nines int ent earths 


‘ocd meng: \ sore resting’ er dw 1928 axed witiow sont 


Pa 


lenirsem-egt ah potteberse9 owas og “oldapttqas od dep ta 


De ad sis — sets van da todhnaa s o18 ‘ousd? bape 

. ———esephadoas! eid ak ae 

st Sabana sit at piste’ “ert Pre eabdiong deo So 
my _ exsted agoouts balghanets ext: btwon ands, bets : 5 ‘ 
ciate battssnebt aL Laat s woate tr anotoaee Le “r a a 8 


ae 


Reo he pin hie 
. sie i a) i ¥ 
¢ sim Lal he ; 

ae a AT 


on | 


i 


pri | 


Ee uh raAS Cano i. ct 


“4 


hy yt 
- hal 


1, : 
wr 


attempts. Further research on the Okanagan sediments may 
reveal such a marker bed, and therefore facilitate the 
generation of correlated units. The program will have to be 
re-written to accommodate a section by section analysis. An 
approach whereby the difference between units is divided by 
the value of the lower unit and multiplied by a hundred 

can be considered. Units for sections can be plotted 

and then matched up against other sections. Identical 
values in sequence, if found, can be followed vertically to 
indicate correlated units (Shaw, personal communication). 
This approach may offer an improved means of establishing 


current events in ice-marginal glacial lake deposits. 


4.8 Discussion 

The results allow interpretation of the depositional 
environment of the lacustrine sediments found bordering the 
southern end of Okanagan Lake. The depositional environment 
can be interpreted on the basis of the vertical sequence of 
the stratification types and flow regime. Also, interpretation 
is supported by sedimentary structures, paleocurrent and 
grain size analysis. Furthermore, studies of sedimentation 
processes active in modern glacial lakes are valuable in 
reconstructing the complex processes that occurred in ice- 
Marginal and pro-glacial lakes during the Pleistocene. 

Within the study area the sediments generally show a 
coarse to fine vertical gradation. The lower portions of 


the logs (where recorded) exhibit fine sand or coarse silt 
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in which stratification types allow deduction of depositional 
processes. In particular, log 7 offers.an excellent record 
of texture, bedform, and current directions. The alternating 
coarse and fine sediments, with their stratigraphic position, 
offer support for deposition in a lake delta or pro-delta 
environment. 

A transition environment is tentatively identified where 
alternating beds, convolute laminations and load structures 
of sand and silt overlie the coarser sediments and grade 
vertically into the fine-grained laminated varved deposits. 

The upper zone of the logs are varved sediments. The 
couplets are massive in size above the coarse deposits, and 
their texture is coarse silt with thick winter clay layers. 
Vertically in the sections the couplets become smaller and 
finer-grained. 

Using data compiled in this chapter it is possible to 
tentatively establish processes occurring at the time of 
sediment accumulation. Moreover, these allow interpretation 


anda reconstruction Jof the tenvironnents: 
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CHAPTER V 
SEDIMENTARY INTERPRETATION 


Jee Pneroduction 

The sedimentary associations exhibited both vertically 
and laterally in the seven logged sections offers strati- 
graphic evidence of depositional processes active in glacial 
Lake Penticton. These allow interpretation and reconstruc- 
tion of the environment based on the data collected, their 
analysis, and other observations of lacustrine sedimentation. 

The sections reveal an upward fining gradation through 
which three sedimentary environments are proposed. The 
lower sections where logged (log 2, 4, and 7), are composed 
of coarse-grained proximal deposits deposited in glacio- 
lacustrine deltas. Two sedimentary successions are 
recognized: one reveals a simple alternating of flat-bedded 
sands and coarse silt facies; the other of flat-bedded 
sands overlain by cross-laminated sands. 

A transitional environment (following the model of 
Jopling and Walker (1968) (fig. 5-1) is proposed between 
proximal glaciodelta and distal glaciolacustrine facies. 
Alternating sand structures, load structures, and laminated 
Silts may indicate deposition in deeper water, probably in 
subaqueous levées. 

The third environment proposed is the glaciolacustrine 
in which fine-grained varved couplets were deposited by 


turbidity currents and suspension settling in deeper water 
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following retreat of the topical ice front. 
5.2 Coarse-Grained Deposits 

Two sedimentary successions are recognizable in the 
Power units Of, logs 2 24 ..and 7 ot1gs., 4-10,and, 4-11)) 0 A 
Simple succession of flat-bedded sands (A2) alternating with 
laminated silt panes (Sy ROCCUrS el NatlLOOS qa ands-4.. (lhe log: 7; 


flat-bedded sands are overlain by cross-laminated sands in 


a cyclic upward fining sequence that is slightly more complex. 


The flat-bedded, inclined sands are overlain by coarse 
silts in an alternating sequence in the lower units of 
logs 2 and 4. The sand units are thick and of medium to 
fine texture. The silt units are also thick, in comparison 
to silt units found higher in the sections, and extremely 
coarse in texture. The sand units have sharp tops and 
bases, and faulting occurs in both facies. Although these 
lower units in logs 2 and 4 illustrate a simple succession, 
the changes in geometry and texture illustrate the processes 
and environment in which deposition took place. 

The flat-bedded sand facies show poorly defined 
stratification, horizontal, inclined and structureless sand 
units. The internal geometry and texture of the units 
indicate deposition under the upper flow regime. Moreover, 
structureless sand bed forms are considered by Harms and 
Fahnestock (1965) (fig. 3-2) to be deposited under the upper 
part of the upper flow regime, commonly in shallow braided 
streams. Harms and Fahnestock describe plane bedded sands 
as forming under shallow areas on bars in the fluvial 


environment. However, in studies on glaciolacustrine deltas, 
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flat-bedded sands have been interpreted as accumulation of 
channel deposits. Shaw (1975) presents flat-bedded sands 
found in lower stratigraphic positions of glaciolacustrine 
deltas as multi-storied channel deposits. Further support 
for these units as distributary channel deposits comes from 
Gustavson, Ashley and Boothroyd (1975). They determined 

from studies of Pleistocene glaciodeltaic deposits that sand- 
Sized and coarser clasts constitute a significant portion 

of material deposited from density currents as distribu- 
taries migrate across the subaerial plain. 

The silt sediment that overlies the sand facies would 
seem to represent deposition under the lower part of the 
lower flow regime (fig 3-2). The interesting aspect of 
this alternate coarse-fine succession is the lack of cross- 
laminated units incalated between the units A2 and C 
facies. These cross-laminated units indicate a gradual 
reduction in current velocity. The silt units present no 
visible internal structure. Deposition may have resulted 
from slow moving currents from a distal sediment source. 
With a sudden reduction in the supply of coarse-grained 
sediments and the distal position of the ice front, 
currents would transport and deposit silt during low flows. 
The coarse-textured silts could represent lateral accretion 
deposits laid down in quiet backwater areas of distributaries 
by late or early season currents. The possibility exists 
that currents may have continued throughout the winter 


depositing silt sediment. Gustavson (1975) observed that 
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meltwater discharge OcCULEea year-round in proglacial 
Malaspina Lake, and that bottom-melting in winter produced 
reduced discharges in comparison to summer flows. Jopling 
and Walker (1968) also interpreted deposition occurring 
throughout the year in a Pleistocene kame delta. The lack 
of any clay layer found over the kame delta deposits was 
used to support their assumption. Clay laminae do not occur 
over the silt units in log 2 and only appear at unit 10 in 
log 4. Therefore, deposition may have continued by density 
underflows throughout the winter season. The following pre- 
sents an interpretation of the depositional environment of 
these lower units. 

Logs 2 and 4 occur close to present day tributary 
streams feeding into Okanagan Lake. There is the possibil- 
ity that these lower alternating units may have been deposited 
in inter-distributary channels of tributary deltas which were 
prograding into the proglacial lakes on either side of the 
ice occupying the center of the valley. The coarse sediment 
would have been deposited by density currents in distributary 
channels during the melt season following Walker's (1967) 


grain segregation process (p.49), "...at relatively high 
flow regime a thick traction carpet with high grain concen- 
tration can be maintained and a structureless bed forms upon 
deposition in the proximal environment." Sharp tops and 
bases are also indicators of proximal deposits by Walker. 
The sudden change to silt-facies may be accounted for by the 


sudden reduction of stream flow and low sediment input from 


a distal source. Mountain streams follow similar discharge 
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characteristics. Faulting in the units may be interpreted 
as removal of ice contact support as the central glacier 
downwasted and the proglacial lakes increased in depth. 

Further support for this interpretation stems from 
Nasmith (1957), Fulton (1965) and Flint (1935) who proposed 
that higher elevations would be ice-free first, and sediment 
would be transported to the valleys where the proglacial 
lakes would be developing. Recent research by Kvill (1977) 
and Archer (pers comm) also considers tributary deltas as 
prograding into the developing proglacial lakes early in the 
stratigraphic position of the sediments. 

The second succession of facies is most evident in 
log 7 where flat-bedded sands and cross-laminated deposits 
exhibit a cyclic alternation. Flat-bedded sands (A2) are 
predominant in the lower stratigraphic positions. Units 
1-5 inclusive of log 7 are composed of thick flat-bedded : 
sands with horizontal bedding succeeded by a thin contorted 
layer of draped silty-clay. These layers are indicative of 
deposition from suspension in deeper water. Higher in the 
stratigraphic position the flat-bedded sands grade into 
type A (trough or tabular) cross-laminae with stoss-side 
erosion, with superimposed type B climbing ripple-drift with 
stoss-side preservation. Units 16, 17 and 18 form an 
excellent example of this sequence. In some units the flat- 
bedded sands underlie type B ripple drift (units 19, 20, 36, 
and 37). In other instances type A is succeeded by flat- 
bedded sands (units 9, 10 and 11). The lower units of 


material are coarser, medium sand, and there is an upward 


4 *) , oe mY y 7 EY \ Pyare ane ; Mp ne 
Pad soe JAY Ot Mane 
Vin oe a th mt co fd ** is ed 

) ch Ay 


i ‘ek hy ena Livia 


> 
i 4 ‘7 my: 


: a taba) 


ihe geeky ‘bate bra a 
i) a i" 


peur ts ease pettingod od i 


nae 


X yo qoteeeet theonem 


if Ay “iy ing a 


: wiepda oe Bxebieaeo este ton, 


in 


: wee ‘ 

thee a) aD. »wokteog ‘oh Ip ls 
Ay pan A: a i 

f eaiost Wo nokanssoue, taee ; oe 


A i a 
4 = a et ha ir wd 
“ E) i . ’ a Fey ia ot bbe dopa © ve % 7 
j : - J r ' hey “ aS 
&! ‘ noted ecru ina die ‘lone 
7 a art : Wy) : 
Straeren te wits watt : 
\ , he t \ t ~ Lo Bes = \ 
\ ae 4 os 
rere 
4 en are! «% 


ably 


ih bale sak it Rotemiqiene: init 


) 4 al > 44 7 ‘ 
& V i cr a | Lie 
»| / 
be Fein | Vie myo bs 5 oul 
rt 5 wr coeds » my Be a dal a - 
} = ; 


| . my ; 
“gat? sid poten amon at < DME oa, Sei shat ee quex 
| - 4 7 an Ah ki, A 

ye a! 


a ee Ly 
atpens VAM Be 


fmt) Sad oleae’ e one ott 


j i) i wy alt de 


bea? ae ve hepasoowe a oaey donmids 


a 
hy 
_ 
~~ 
C2 
= 
pt 
° 
~ 
— 
’ 


3 . nhs td re - 
rd Pa mee i 
to atau aah ks om at a | ek: ot ty ben 
| et eee ee ee 


Oa 


fining trend where sand becomes finer. 

The cyclicity of these units provide a more complex 
interpretation of the flow processes and depositional 
environment. The flat bedded sands showing poor sorting 
of the sediment supports the idea of an environment char- 
acterized by upper flow regime. The origin and depositional 
environment proposed earlier in this section for flat-bedded 
sands are again considered valid for the units in log 7. 
However, the difference for these channel fill deposits is 
the erosional contact between, and upward fining into, the 
cross-~laminated units. Climbing ripple-drift are facies 
states considered by many researchers as originating from 
low velocity currents and occurring distally from the 
sediment source Jopling and Walker (1968), Gustavson (1975), 
Ashley (1975), Walker (1967) and Allen (1970). 

Jopling and Walker (1968) proposed that with a continued 
reduction in current velocity in the lower part of the lower 
flow regime (fig. 3-2) type A cross-lamination with stoss- 
Side erosion represents less sediment falling-out of sus- 
pension to bury the grains moving on the bed; whereas, type 
B with stoss-side preservation has a higher eee nena ice 
tion ratio. Jopling and Walker considered that these 
structures may have resulted from deposition by density under- 
flows in a glacial lake environment. The high rate of 
deposition from suspension with bed-load movement resulted in 
type B, while bed-load movement with little suspended sediment 


deposition resulted in type A cross-lamination. Walker (1967) 
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believes that turbidity currents form cross-laminae 
structures in the following two ways: one, sediment re-worked 
at suitable flow regimes and two, formed during primary 
deposition. If re-worked,the cross-laminae sets would be 
thin and confined to proximal environments. However, 
primary deposition will result in thicker sets and ripples 
will climb and form ripple-drift cross-laminae (p. 49). 
Walker invoked a coarse to fine (plane to rippled bed) 
sequence through grain segregation by development of a 
traction carpet process. He states, 

-.-. A thick set of parallel laminae, graded from bottom 

to top, would develop at relatively high regimes (plane 

bed with grain movement, Simons et al, 1965), and 

ripple-drift cross laminae would develop as the result 

of fallout in a lower flow regime (rippled bed) (p. 49). 
From the above discussion, the upward-fining cross laminated 
facies can be attributed to density underflows losing 
competence and depositing ever-increasing sediment from 
suspension distally on the deltaic plain. Gustavson, Ashley 
and Bootnuroyd (1975) indicate that ripple drift cross-— 
lamination predominates in prodelta slope deposits. 
Gustavson (1975) also observed exposed ripple-drift ina 
glaciolacustrine prodelta slope. Although these observations 
have been made, Shaw (1975) offers a more complete explanation 
of sedimentary processes resulting in the succession from 
flat-bedded sands to cross-laminated sands. He suggests 
that as currents flow into standing lake water high sedimen- 


tation creates deposition on shoalwater distributary-mouth 


bars. These features exhibit rippled surfaces and cross- 
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lamination is predominant. The lack of dune structures 
indicate that deposition occurred in shallow depths. Shaw 
summarizes as follows,"... Therefore, it is plausible to 
suggest that the transition from flat-bedded sand to cross- 
laminated occurred as : result of reduced depth and velocity 
of an expanding flow over a distributary-mouth bar." (p. 327) 
Paleocurrent directions also support this interpretation. 
Directions are not consistent from each unit as would be 
expected from lateral accretion deposits. The slight 
fluctuation in paleocurrent directions is probably the 
result of migration of distributary-mouth bars. Gustavson, 
Ashley and Boothroyd (1975) propose that, : 
e-.- AS the position of the distributaries on the delta 
subaerial plain changes, as does the lobes (distributary 
mouth bars), resulting in the lakeward construction of 
the delta front by overlapping lobes of sediment. The 
continuous density flows that deposited the lobes also 
may shift laterally across the lobe. (p. 278). 
Log 7 exhibits larger and more complex sequences of primary 
sedimentary structures that are also cyclical in nature. 
Log 2 from unit 8 to 23 illustrates flat-bedded sands, 
cross-lamination, alternating beds and parallel-lamination. 
However, except for units 20a, 21 and 22 there exists no 
consistent upward fining in the coarse sediments. The 
aforementioned hypothesis that the lower units may represent 
a small tributary delta is further supported by the lack of well- 
developed channel to distributary mouth bar deposits. 
Paleocurrent directions from units 15 and 22 indicate 


directions of flow from lateral tributaries rather than 


down valley. 
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The lower units of log 7 are interpreted as deposition 
in a prodelta environment. The flat-bedded sands are 
channel deposits with upward-fining cross-laminated sands 


being deposited in shoalwater distributary mouth bars. 


5.3 Transition Environment 

A transition zone (following fig. 5-1) is tentatively 
identified by the rhythmic alternation of facies A, Ay, B, 
C, and D. In log 7 these associations occur from unit 51-58 
inclusive; log 2, units 23-26 and units 1-8 inclusive in 
log 5. The sequence of facies overlie the coarse-grained 
deposits in log 2 and 7 and underlie the fine-grained 
parallel-laminated silt and clay couplets. 

The coarse members of these sequences are represented 


by facies A. and A, with finer members being facies B, C, and 


2 
D. Loading and convoluted structures are common in these 
units: 35, 52, 55 and 56 (log 7) and 24 (log 2). 

Pig-e 5-2 1) lustrates (cyclic) deposits found in’ unit oe, 
log 7. Generally, flat-bedded sands grade into ripple-drift 
type A which becomes contorted followed by A, facies and 
parallel laminated silt (C) facies. 

Coleman and Gagliano (1965) describe a sequence of 
structures where convolute laminations comprise certain 
zones (fig. 5-2). Convoluted sands and flaser structures are 
considered by some researchers to be the direct result of 
deposition from turbidity currents (Kuenen, 1952; Sanders, 


1965). with deformation resulting from additions of fallout 


from turbulent suspension. They interpret deposition 
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Figure 5-2 Comparison between convolute 
lamination sequences found In fluvial 
and lacusterine environments 
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through the sequence by increasing and decreasing current 
velocity. 
The authors state (p. 139) 


--- Shear stress acting on the bottom is increased by a 
sudden rise in turbulence. If this occurs, a mechanism 
is provided for the production of the anticlinal and 
synclinal folds or convolute laminations. A sudden rise 
in turbulence may mark the abrupt transition between the 
lower and upper flow regimes. If this is the case, the 
parallel laminations capping the sequence could be 
attributed to deposition during the upper flow regime. 


Conversely, a set of ripple laminations would imply a 


reduction in current velocity. Coleman and Gagliano observed 


these sequences in subaqueous levee and point bar deposits 
where velocity pulsations occur during flood stage. 

A similar sedimentation process and depositional envir- 
onment. 1s proposed for "the units found in log 77" (figs. 5-3, 
5-4). The stratigraphic logs where these associations occur 
indicate the rapid alternation of not only bedform types but 
texture. The flat-bedded sands deposited by larger under- 
flows could be subjected to heavy suspended sedimentation 
resulting in the ripple-drift grading into convolutions. 

The flat-bedded sands indicate high-flow regime (fig. 3-3) 
to low-flow regime for the ripple drift. The convolutions 
would occur with friction on the bed and heavy suspended 
sediment settling on to the topset. The overlying parallel- 
laminations of silt would then indicate an increase in 
velocity. Alternatively these parallel-laminations could 
indicate another underflow event that might not be large 
enough to carry coarse sand deposits, and the current 


deposited silt at a higher flow regime. 
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Fig. 5-3. Convoluted silt is succeeded by parallel- 
laminated silt. This sequence is found in 
Unb 5 OreeOg wee) oCaleLOrebne wUunitters 30cem- 


Fig. 5-4. Flame structure. Found commonly in sands overlain 
Dy Svcs An the transition: zone of dog 7 and log 4. 


This photograph was taken at Unit 52, log 7. Scale 
Ole teature: Selo ecm, 
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Shaw (1975) recognized a rhythmic alternation within 
certain stratigraphic sections. Interpretation revealed 
that alternating beds and finer members resemble deposits 
associated with levee and interdistributary bay surfaces by 
vertical accretion from overbank flows. Analysis of the 
succession indicates that pulsating currents provide 
accumulations of coarser sediment through channel wandering 
and finer members are overbank levée and interdistributary 


bay deposits. 


5.4 Varved Sediments 

The largest proportion of the sediments in all the 
sections is composed of the silt and clay couplets, facies 
C and D (section 4-2). The lower silt units in the logs are 
coarse in texture, and exhibit flaser ripple formsets (units 
Cran Omit. Od 0 ae On tise OG. So ald sunt rd - NLOGEe je, 
and =cype "pCLimbang-rrppie “Grrre (log-3,,-Uunrrs oOo; 9 fandeel ds 
FOQR Oe ounvCS 0; FLO; 4LOd 2 untewol) .  Inesesstructures 
usually occur one-third or half-way up the unit. Fulton 
(1965) observed this same phenomenon in the lower silt units 
of South Thompson Valley. The occurrence of cross-lamination 
could be interpreted as the infusion of fine-grained sand and 
coarse silts deposited by underflows in response to periods 
of maximum inflow. The finer sediments in the tail of the 
current could have been worked into cross-lamination by the 
"traction-carpet' mechanism in distal environments proposed 
by Walker (1967). Also, palaeocurrent directions in these 


ripple dritt units are erientated down valley >" The later ‘or 
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ongoing currents would contribute the fall-out of suspended 
sediment aiding in the preservation of these ripples. 

Gilbert (1973) observed isolated underflow events during 
continuous interflow and overflows. However, he failed to 
identify structures, in core samples, relating to these 
isolated underflows. It could be inferred that although 
underflows are common in some active modern glacial lakes, 
the Pleistocene ice-marginal and proglacial lakes would have 
produced substantially stronger currents able to form cross- 
lamination prior to the cessation of the current. Fulton 
(1965), identified sub-units of small scale cross-lamination 
in lower silt laminae. Visher (1965) concludes that deposition 
of structures (in lacustrine sediments) occurred under 
conditions of pulsating currents surging below the relatively 
Bea waters of a glacial lake. However, with a vertical 
rise in the sections the structures no longer occur, and the 
laminae are composed of structureless units. But, as the 
grain size analysis indicates, the silt in the unit is not 
graded, but shows marked intrusions of coarser grained 
deposits. Interpretation suggests that continuous interflow 
and overflow would be depositing sediment from suspension, 
creating graded units with single underflows occurring in 
response to greater discharge. Sanders (1965) supports this 
interpretation noting that structureless fine-grained deposits 
are also formed by long-continued deposition from turbulent 
suspensions, as for example, steady turbidity currents of 


low density entering a lake. Therefore, the environment is 
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Ripple formsets grading upwards into wavy lent- 
icular stratification sor alternating silt*and 

fine sand. These units occur in the transition 
zone, unit 56, log 7. Scale of these associations 
18345 (cm: 


Parallel laminations of alternating silt and clay 
grading upwards into the clay winter layer. This 
photograph illustrates the sharp upper contact (silt 
over clay) and gradational nature of both lamina, 
unite 40, loge “Scale of the wimter layer 1s 5 em, 
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changing toa more distal state where sedimentation is 
increasingly from suspension. The middle and upper units 

of the sections reflect the processes found in active glacial 
lakes, although the size of the laminae found here are still 
very much larger. 

Silt laminae in the upper sections exhibit laminations, 
especially at the top of the unit prior to the winter layer 
(fig. 5-6). These laminations could be indicative of diurnal 
Or increased sediment influx (Chapter II) and would be 
associated with underflow events responding to possible late 
autumn storm events. Fig. 5-7 shows a common feature found 
in the upper clay units in logs 1 and 6. These sand 
stringers are found in the winter layer and are composed of 
coarse sand. Shaw (pers comm) believes these structures 
originated from turbidity currents active during winter. 

Shaw has found current structures in these coarse sediments, 
indicative of deposition by currents. Intermittent periods 
of warming or slump generated currents probably created 
isolated current activity. 

‘The varved sediments indicate the depositon of the silt 
laminae in the lower units to underflow events, especially 
where bedforms occur; however, deposition from suspension 
seems to be the dominant process in the higher units. With 
increasing vertical height above the base of the sections 
the silt-clay couplets become thinner. These resemble more 
closely those varves laid down by processes active in modern 


glacial lakes. 
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A sand stringer commonly found in the winter 
layer of the upper units of the Summerland 
and south Summerland sections. These features 
could have originated from underflow events. 
Scalewobsthenrstuinger 1s80.5. cm. 
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CHAPTER VI 


SUMMARY, CONCLUSIONS, 


and SUGGESTIONS for FURTHER STUDIES 


Sead Summary 


The present study has been an attempt to determine the 
sedimentary processes responsible for the extensive terraces 
of fine-grained lacustrine deposits found in the Okanagan 
Valley. Moreover, by elucidating the depositional processes 
the environmental conditions in which they operated may be 
reconstructed. 

Specific emphases in the study have been the determin- 
ation of the dominant mechanisms of varve deposition and an 
attempt to correlate varved units from seven measured sections 
in the valley. 

The physical setting has been fully described in 
Chapter I. In summary, the Okanagan Valley is a narrow 
north-south trending valley that was subject to the develop- 
ment of a progiacial lake - Lake Penticton - during deglaci- 
ation. The lake was fed by lateral streams carrying high 
volumes of sediment from ice-free upland areas. Upon the 
draining of the lake, lacustrine sediments were found under- 
lying terraces in exposed cliffs bordering Okanagan Lake. 
The post-glacial climatic conditions have been sufficiently 
arid to preserve the glacial lake sediments offering good 


exposures for measurement. 
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Literature dealing with Pleistocene and modern lacus- 
trine sedimentary studies have been reviewed and used to help 
analyze the depositional environment of glacial Lake Penticton. 
In addition, literature dealing with turbidity current mech- 
anisms, and flow regime in the formation of varved sediments 
was extensively drawn upon to help in interpretation of 
sedimentary processes. 

The major field work of the research was conducted on 
seven sections, three on the east side of Okanagan Lake and 
four on the west side. Sedimentary processes were elucidated 
by the measurement and recording of the geometry (shape and 
Size of the stratigraphic units), texture, primary sedimentary 
structures, deformation structures and paleocurrent directions. 
In the laboratory grain size analysis was conducted on silt 
samples taken at 10 cm intervals from a thick silt unit in 
all seven sections. Five facies states were assigned to 
describe the sedimentary units and aid in analysis. An at- 
tempt was made by a linear correlation program to correlate 
the varves in all seven sections. 

Interpretation of the results of the field research 
indicated that the deposits found in the lower parts of 
certain sections were coarse-grained sand deposits. The 
facies states show vertical cyclic alternation of flat-bedded 
sands overlain by cross-laminated sands. Stuctureless sands 
commonly underlie type A cross-laminated with stoss-side 
erosion with superimposed type B climbing ripple drift with 
stross-side preservation. Flow interpretation suggests 


rapid bedload deposition in the lower part of the upper flow 
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regime for the flat-bedded sands, and the lower flow regime 
for the cross-laminated units. The flat-bedded sands are 
interpreted as channel fill deposits laid down in deltaic 
distributaries. The cross-laminated units are considered 
to be distributary mouth bar deposits laid down by currents 
in the prodelta environment. Paleocurrent directions support 
this analysis. The conclusion is supportive of similar 
findings in glaciodeltaic sediments by Shaw (1975), Ashley 
(1975), Ashley,Gustavson, and Boothroyd(1975) and Gustavson 
CLO 725 

Further interpretation of the field research indicates 
tnate vertically in the*stratigraphic units of log 7, a tran- 
sition zone exists where laminated silts alternate with 
convolute and flaser sand structures, ripple formsets,clim- 
bing ripple drift and flat-bedded sands. The flow regime 
indicates an alternating shift from upper to lower flow 
regime where subsequent meltwater flows create silts to be- 
come convoluted. Environmental interpretation suggests 
deposition associated with subaqueous levees and inter- 
distributary bay surfaces. This conclusion is supported by 
findings in prodelta environments of Colemen and Gagliano 
(1965), Ashley, Gustavson and Boothroyd (1975), and Shaw 
(2975) % 

Parallel-laminated couplets of silt and clay (varved) 
comprise the uppermost portion of each section. Field analy- 
sis revealed that the lower silt units are massive Cups co 


200 cm) and thin vertically toward the top of the sections. 
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Grain size analysis indicates that a silt unit is not graded 
esearturbidite 4.6.7 °coarse to fine. . Moreover, the’ silt 
alternates between coarser and finer fractions with sorting 
being generally poor. However, interpretation suggests that 
silt laminae in glacial Lake Penticton were deposited by 
continuous currents over the lake floor, carrying finer 
material, with occasional influx of coarser better-sorted 
Material as a result of more powerful underflow events. 

The attempt to correlate varved units in each section 
was unsuccessful. The computer program correlated units on 
the basis of thickness and the thicker beds lower in the 


units dominated the correlation. 


6.2 Conclusions 

The study of the lacustrine sediments indicates rapid 
sedimentation into, and development of, glacial Lake Penticton. 
Figure 6-l presents a three stage model illustrating the 
depositional environment based on the study's findings. 

The lower coarser-grained sediments indicate deposition 
in glaciolucustrine deltas. Analysis and interpretation of 
sedimentary associations, flow regime for ene: states, 
paleocurrent directions and disturbance suggest that trib- 
utary streams built up prograding deltas against a downwasting 
stagnating tongue of ice occupying the valley bottom. The 
sediments indicate high energy proximal depositon with 
faulting the result of removat-of ice, support. » This first 
stage of the development of the sediments is illustrated in 
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In fig. 6-1, stage II, the lake developed in size 
from the downwasting glacier, isostatic uplift, and outlet 
adjustments at Okanagan Falls. The sediment entering the 
lake was from a more distal source. The result was the 
development of the-finer-grained alternating facies laid down 
in the prodelta environment on top of the coarser distributary 
deposits. 

In Stage III the lake reached full development, and 
finer-grained deposits were deposited from a more distal 
sediment source. Silts were laid down in summer by turbidity 
currents and upon freezing in winter the clays settled out 
of suspension forming the "classic" varve couplet. 

De Geer (1912); Antevs (1925) and Hughes (1965) used 
the number and spatial arrangement of varves to indicate age 
and retreat of ice during development of Pleistocene glacial 
lakes. Based on the number of fine-grained varved units 
occuring in the upper parts of each section, Lake Penticton 
was only at its deepest for a short period of time. The 
Maximum number varves occuring in the upper parts of the 
terraces are of the order of 84 (log 7). However, allowance 
must be made for erosion, error in sampling and an insufficient 
knowledge of the sublittoral sediments in Okanagan Lake. 
Therefore, a longer period of existence for glacial Lake 
Penticton may be correct if more knowledge was obtained on 
the sediments below the terraces. This conclusion is sup- 
ported by Fulton (1965) who expressed that sedimentation in 


glacial Lake Thompson was rapid and the life of the lake was 
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Snoee.) In Seeeen with this final stage of development, 
attempts were made to find any strandlines of glacial Lake 
Penticton. However, no evidence of these were discovered 
during the field research. Kvill (1976) utilized remote 
sensing techniques in an attempt to discover former levels 
of glacial Lake Penticton. Unfortunately, agriculture and 
cultural activity has masked the surface texture patterns 


and obscured any evidence that may exist. 


6.3 Suggestions for Further Study 

In the course of the present study particular subjects 
requiring further research in the study area have been 
identified; namely, correlation of the varved units between 
sections. There is a fundamental need for more exposures 
to be assessed so that a more detailed history of the depos- 
itional processes can be recorded, especially in the Westbank, 
Kelowna and Vernon regions. 

It would also be useful to follow the seismic survey 
work on Okanagan Lake with bottom core samples. Fulton (1970) 
found thick (120 m) unit of silt from a borehole near Arm- 
Vee The information from these cores may define the 


depth and texture of the sediments during early deglaciation. 


of the Okanagan Valley. 
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Je} | Z 
STAGE 1 Development of glaciolecustrine deltas into deveioping Lake Penticton. 


increasing lake level 


-STAGE 2. Deposition of alternate coarse and fine sands and silts in a prodelta environment. 


VLA ON lake level 


STAGE 3 Deposition of varved sediments as the sediment source becomes more distal 
and Lake Penticton develops 


Figure 6-1 A three stage modei of sedimentary 
processes active in glacial Lake Penticton 
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